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- PHYSICAL LIMNOLOGY AND SEDIMENTATION IN A GLACIAL LAKE 
By W. H. MatTHEws 


ABSTRACT 


The following conclusions stem from a study of limnology and bottom sediment in 
Garibaldi Lake, a glacial lake in the southern Coast Mountains of British Columbia. 

Meltwater streams entering the lake cause overflows or underflows depending on local 
conditions, notably stream temperature and sediment load, temperature distribution in 
the lake, and apparently the topography at the stream mouth. Conditions vary with 
season and time of day. Mixing of stream and lake waters at shallow (less than 35 feet) 
and moderate (65 to 100 feet) depths could be demonstrated; penetration of stream waters 
to greater depths could not be precluded. Sediment loads of the two glacial streams enter- 
ing the lake are relatively low, and persistent underflows forming significant subaqueous 
channels probably do not occur. 


By J. The glacial streams, notwithstanding their low sediment content, provide most of 
the sediment reaching the lake; a minor amount of debris is apparently ice-rafted from 
yand nonglacial areas. 


The bottom sediment consists of rock flour in which clay minerals are rare or absent. 
Turbidity currents are considered responsible for the occurrence of graded laminae 
of fine sand and coarse silt in the deep, flat-bottomed part of the lake, up to 214 miles 
from the source of this sediment. Subaqueous slumps probably caused the turbidity 


currents. 
Absence of visible varves is attributed to (1) low rate of accumulation of suspended 
EXAS. & sediment, averaging a small fraction of a millimeter a year, (2) a lag of years, rather 


than months, between the introduction of much of the suspended sediment into the lake 
and its deposition on the lake floor, and (3) obliteration of any thin and inconspicuous 
varves by small-scale slumping on the steeper slopes of the lake basin and by the deposits 
from nonperiodic turbidity currents on the flat lake floor. © 
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INTRODUCTION 


Physical conditions prevailing within a gla- 
cial lake and their influences on the distribution 
of sediment-laden meltwater has been the sub- 
ject of recent papers (Antevs, 1951; Kuenen, 
1951). Heretofore few glacial lakes have been 
investigated (Johnston, 1922; Kindle, 1930); 
little attention has been paid to temperatures 
and silt loads of inflowing glacial streams and 
their behavior on entering the lake. The pres- 
ent report provides additional information on 
this subject based on a study in Garibaldi Lake, 
a deep meltwater lake in the southern Coast 
Mountains of British Columbia. 

Field work was carried on in Garibaldi Lake 
in late August 1952 and early September 1954. 
Though the lake lies only 45 miles north of the 
City of Vancouver, it is accessible only by air 
or pack trail, and lack of time and funds has 
precluded field work in other months. Seasonal 
changes of conditions in the lake have not been 
studied directly, but observations on water 
levels and stream flow at Garibaldi Lake (Do- 
minion Water and Power Bureau, 1934a) and 
on surface turbidity provide some data on the 
annual cycle. Though the record is incomplete 
and some conclusions are tentative, it is hoped 
that this report will provide a better under- 
standing of conditions in glacial lakes and 
stimulate research in this field of limnology and 
sedimentation. 
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GEOoLoGcIc SETTING 


Garibaldi Lake lies in the upper part of a 
valley which has been carved partly by stream 
action and partly by Pleistocene glaciers. Met- 
amorphosed sediments, including graywacke, 
conglomerate, quartzite, and slate, are exposed 
on the north wall of the valley (Fig. 1); biotite 
and hornblende-rich quartz diorite predominate 
at its head. The southwestern side is covered 
by Pleistocene dacitic lavas, some glaciated, 
some unglaciated, through which the plutonic 
basement rocks are locally exposed. 

Garibaldi Lake basin originated in late Wis- 
consin time by the damming of Rubble Creek 
valley by the Clinker Mountain lava flow 
(Mathews, 1952, p. 554-555) (Fig. 1). At that 
time, a remnant of the Cordilleran ice sheet 
apparently blocked the mouth of the valley up 
to the 4000-foot level, and the mountain glaciers 
were almost certainly no larger than they are 
today; the area of the present lake was then 
probably free of both water and ice. Had the 
lava dam been impervious, the basin would 
have overflowed after about 15 years of normal 
runoff. However, leakage through the dam now 
amounts to about four-fifths of normal runoff, 
and greater leakage probably took place before 
sediment accumulated on the upstream slope 
of the dam, so that more than 75 years may 
have been required for filling. Though this 
body of water has probably been a “meltwater 
lake” throughout most of its history, for a time 
within the past 4 centuries the glaciers ex- 
tended down to its shores and presumably dis- 
charged icebergs; during this brief period, it 
was an “ice lake” in the strict sense. 


LAKE-BOTTOM TOPOGRAPHY 


Several dozen soundings throughout the lake 
and echo-sounder profiles in its shallower parts 
reveal the general shape of its bottom (Figs. 
2, 3). The soundings indicate a deep central 
basin with a remarkably level floor sloping 
gently northwest; four wire-line soundings in 
an area 4000 feet by 2500 feet range from 837 
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Ficure 2.—Bottom TopoGRApHy, GARIBALDI LAKE 


to 849 feet; 20 soundings taken in this same 
area along a northerly trending line at intervals 
of about 50 feet reveal a gentle slope with a 
relief of 15 feet; 10 successive soundings in the 
northern part of this line varied less than 1 
foot. The southeastern part of the lake floor 
slopes irregularly (Fig. 3) northward toward the 


central deep; local flats evidently mark areas 
of recent sedimentation, and elsewhere hum- 
mocky profiles suggest a glaciated bedrock sur- 
face thinly, or not at all, covered by recent 
sediment. The walls of the basin are abrupt; 
they slope at angles rarely less than 20° and in 
places as much as 45° for vertical intervals of 
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several hundred feet. An irregular platform, 
most of which is less than 250 feet deep, under- 
lies the western end of the lake and is evidently 
the submerged extension of the lava dam form- 
ing the western shore. Its surface is marked by 
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spring and early summer snow melt. This stor- 
age, combined with a significant but variable 
leakage from Garibaldi and Lesser lakes, main- 
tains a flow of at least 80 c.f.s. in Rubble Creek 
even during the coldest and driest winters. 
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FiGURE 3.—EcHo-SOUNDER PROFILES 


ridges 5 to 50 feet high, which form several 
parallel chains of islets close to the western 
shore. 


STREAM DISCHARGES 


Stream-flow measurements made at the 
mouth of Rubble Creek (Dominion Water and 
Power Bureau, 1924-1934), elevation 1100 
feet, 414 miles below the outlet of Garibaldi 
Lake, indicate an average annual runoff from 
the drainage basin of about 80 inches (176 
cubic feet per second from 24 square miles). 
Water released from the shrinking glaciers has 
contributed annually the equivalent of 10 
inches to this runoff (Mathews, 1951, p. 360). 
Normal runoff when glaciers were neither ad- 
vancing nor retreating, would amount to about 
70 inches. Meteorological data suggest that 
precipitation, hence runoff, increases from the 
mouth of Rubble Creek to the vicinity of 
Garibaldi Lake, but the extent of variation is 
not known. 

The stream-flow records from the mouth of 
Rubble Creek are of limited use in estimating 
seasonal changes in the streams entering Gari- 
baldi Lake. The large storage capacity of 
Garibaldi Lake with its 3.96 square-mile area 
and 10-foot seasonal fluctuation in level delays 
and obscures runoff resulting from the late 


Some data are available from a detailed 
study made by the Dominion Water and 
Power Bureau (1934a) in 1932 and 1933 of 
Garibaldi and Lesser lakes and of the stream 
linking them. These data indicate that under- 
ground leakage from Garibaldi Lake directly 
to Rubble Creek below the barrier is about 
65 c.f.s. and to the stream entering Lesser 
Lake about 15 to 18 c.f.s. Allowing for this 
leakage, for surface outflow, and for changes 
in storage with rise and fall of the lake, it ap- 
pears that influx declined irregularly from 
about 350 c.f.s. at the end of July 1932 until 
late October, after which it rarely exceeded 40 
c.f.s. until the latter part of May 1933. After 
mid-June, the influx increased rapidly to highs 
of 400 c.f.s. in the first and third weeks of 
July; after falling to 250 c.f.s. about the first of 
August, it rose to another peak of more than 
375 c.f.s. in mid-August 1933. The July peak 
flow in both years can be attributed to snow 
melt, for at this time of year rainfall is rela- 
tively light and the glaciers largely snow- 
covered. The August peak, on the other hand, 
can be attributed to melting of the glaciers, 
for by that time nearly all snow has disappeared 


1 The outflow from the lake, assuming a runoff 
of 80 inches a year from an area of 19.8 square 
miles, averages 117 c.f.s. 
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except from the névés. The maintenance of in- 
flow, though at declining rates until October, 
can be assigned in part to springs, in part to 
melting of glaciers, and in part to early autumn 


TABLE 1.—EsTIMATED MEAN ANNUAL RUNOFF 
INTO GARIBALDI LAKE 


Area (sq. mi.) Runoff (c.f.s.) 
8] a |] a 
1927 
Sphinx 3.6/2 .0/5.6)35|37 .6|10.3) 47.9/44.3 
Sentinel 1.4/0.8/2.2/14/14.6] 4.1) 18.7/17.3 
Others 8.0/8.0/51]... 41.5)38.4 
1947 
Sphinx 43.7/42.5 
Sentinel 5.1) 17.6)17.1 
Others 41.5) 41.5|40.4 
41.8/61.0)102.8).... 


*Assumed 70-inch contribution from annual 
precipitation plus 76-inch contribution from melting 
ice for the entire area of the glacier 

tAssumed 70-inch contribution from annual 
precipitation alone 


rains. Low water from November through 
April is a result of cold weather; most precipi- 
tation is in the form of snow, and little melting 
takes place. No doubt the seasonal cycle of 
stream flow varies from year to year, both in 
rates of flow and precise timing, but except for 
exceptionally low water during the winter the 
period of 1932-1933 was not unusual. 

The approximate mean annual inflow into 
Garibaldi Lake and the discharge of the two 
meltwater streams draining Sphinx and Senti- 
nel glaciers can be estimated from the measured 
watershed areas, the areas of the glaciers, and 
the estimates of mean annual runoff and glacier 
shrinkage. The results are given in Table 1. 

These estimates indicate that, though the 
basins occupied in part by Sphinx and Sentinel 
glaciers make up only half the area tributary 
to Garibaldi Lake, they contribute about three- 


fifths of the inflow. Melting of glaciers, or of 
snow cover on glaciers, may provide more than 
two-fifths of the total inflow and about two- 
thirds of the flow of the two meltwater streams. 
Seasonal variation in these streams is probably 
at least as great as that for the influx into the 
lake; for example, Sphinx Creek, during warm 
periods in midsummer, may discharge an aver- 
age of 200 c.f.s. Diurnal variations in stream 
flow from a glacier can be great, increasing as 
much as four times from early morning to mid- 
afternoon (e.g., head of Sunwapta River at 
Athabasca Glacier, Alberta) (Unpublished data, 
Dominion Water and Power Bureau). Such 
variations may influence Sentinel Creek at its 
entrance to Garibaldi Lake, but flow at the 
mouth of Sphinx Creek is stabilized by the 
relatively large storage capacity of Sphinx Lake 
(approximately 2,000,000 square feet of surface 
area), and diurnal fluctuations are much less 
pronounced. 

Measurements of Sphinx and Sentinel creeks, 
made in the afternoon of September 10, 1954, 
during an extended cool, cloudy, and moist 
period, indicate discharges of about 85 and 40 
c.f.s. respectively. 


SEDIMENT LOADS OF STREAMS 


Little is known of the sediment loads of the 
streams entering Garibaldi Lake. The only ex- 
tensive areas of flat ground along the shores of 
Garibaldi Lake are near Sphinx and Sentinel 
glaciers, and apparently most of the sediment, 
ice borne and stream borne, that has reached 
the lake has come from Sphinx and Sentinel 
basins. Characteristically the two meltwater 
streams are muddy, whereas the nonglacial 
streams are clear even during times of rapid 
snow melt or heavy rain; similarly the lakes 
fed by meltwater streams are cloudy, and the 
ponds fed from nonglacial sources are clear. 

Samples of water were taken with an Ander- 
son suspended-load sampler (Anderson, 1941), 
from rapidly flowing stretches of the two 
streams where it was hoped that nearly all 
sediment load would be in suspension. Sphinx 
Creek, on September 10, 1954, contained ap- 
proximately 13 ppm (milligrams per liter) sus- 
pended matter, all of fine silt to clay size. 
Samples from Sentinel Creek on the same day 
contained from 140 to 265 ppm suspended 
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matter, nearly all of sand or coarse silt sizes. 
The weighted average load of this stream was 
about 175 ppm. The opacities of the stream 
waters, as indicated by the depth at which a 
white plate (Secchi disk) ceased to be visible, 


TABLE 2.—TEMPERATURES OF STREAMS ENTERING 
GARIBALDI LAKE 


Stream 
Day Time temperatures 


Sentinel Creek at Garibaldi Lake 


Oct. 2, 1949 midday 4.15°C 
Sept. 13, 1950 midafternoon 3.7 
Aug. 28, 1952 late morning a 
Sept. 10, 1954 early afternoon 5.0°C 


Sphinx Creek at Garibaldi Lake 


Oct. 2, 1949 midafternoon uP & 
Sept. 13, 1950 early afternoon 6.7 
Aug. 27, 1952 late afternoon 7.0 
Sept. 9, 1954 midday 3.8°C 


2.1 feet for Sphinx Creek and 1.5 feet for 
Sentinel Creek, were similar and probably re- 
flected similar concentrations of the finer frac- 
tions. Water from both streams was clear after 
being filtered through a No. 4 Whatman filter. 

Almost nothing is known of the seasonal 
variation in sediment concentration of glacial 
streams. Presumably, this concentration is 
closely related to the sediment load of the 
glacial ice and this, in turn, to the size of the 
glacier and the rocks of its bed and walls. 
Concentration in meltwater reaches a maxi- 
mum in mid and late summer (Greim, 1903), 
when contributions from ice melt are greatest, 
and is low in early summer when contributions 
to the meltwater streams come mainly from 
the melting of the relatively clean snow cover. 
In September 1954, after a remarkably cool 
summer, conditions at Garibaldi Lake were 
more nearly typical of July; snow still covered 
most of the glaciers and contributed most of 
the meltwater. Thus, the sediment concentra- 
tions noted at that time may be well below the 
maxima for normal years. 

When Sentinel and Sphinx creeks leave the 
glaciers, their temperatures must be close to 
0°C, but both streams become warmer down- 
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stream (Table 2), probably by conduction and 
condensation from the atmosphere and by ac- 
cession of relatively warm water from non- 
glacial tributaries. The water of Sphinx Creek 
is retained for an average period of 1-2 weeks 
in Sphinx Lake where there is added opportu- 
nity for warming. The summer of 1954 was so 
cool that no part of this lake warmed above 
4°C, but in the summers of 1949, 1950, and 
1952 the surface layer at least reached 7°C, 
notwithstanding the accession of cold water 
from the glacier. Such elevated temperatures 
may never be reached by Sentinel Creek in 
which flow from glacier to lake requires about 
1 hour. 

Diurnal fluctuations are probably insignifi- 
cant in lower Sphinx Creek because of the 
stabilizing influence of Sphinx Lake. On the 
other hand, the temperature of Sentinel Creek 
at its mouth may fluctuate from day to night 
as much as the glacial stream feeding Lake 
Louise, Alberta, where in July 1904 the tem- 
perature changed from 5.2°C in an average 
midday to 1.8°C in an average evening (Sherzer, 
1907, p. 29). 

Seasonal changes may also differ slightly in 
the two streams. Temperatures of both streams 
at the mouths must be near 0°C during winter 
and spring. Temperatures rise during the sum- 
mer, presumably slowly at Sphinx Creek and 
more rapidly but more irregularly at Sentinel 
Creek. Both streams cool in the autumn, though 
Sphinx Creek may cool slowly until reserves of 
warm water held in Sphinx Lake become ex- 
hausted. 


CHARACTER OF LAKE WATER 


Density of lake water is influenced by tem- 
perature, suspended sediment, dissolved matter, 
and pressure. In considering the stability, in- 
stability, or movement of two or more water 
masses within a lake, densities can be compared 
at a standard depth and the effect of pressure 
thus eliminated. The concentration of dissolved 
matter in Garibaldi Lake is very low (one 
sample of surface water yielded 14 ppm total 
solids, and perhaps as much as 6 ppm was 
suspended matter) and probably uniformly 
distributed; hence this factor can be neglected. 
Temperature is generally the most significant 
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factor in determining density, but at tempera- 
tures close to 4°C the thermal coefficient of 
expansion approaches zero, and the influence 
of suspended matter may be dominant. 
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waters in the lake. Higher turbidity at greater 
depth appears both necessary and sufficient to 
maintain stability. Compared with pure water 
552 feet deep at 3.68°C, the additional 24+ 


TABLE 3.—TEMPERATURES OF WATER IN GARIBALDI LAKE 
Degrees Centigrade 


Depth Temperatures Rel. 
turbidity 
Meters Feet Oct. 2, 1949* | Sept. 13-14 1950*| Aug. 27-29 1952t | Sept. 7 1954** Fwd Sept. 7/54 
0 0 +9.4 +13.3-14.5 | +10.1-13.1 | +8.5-9.5 | +3.94 0.2 
5 16 9.0 11.2-12.3 9.9-10.3 9.3-9.6 
10 33 7.85 7.2-8.5 7.5-7.6 6.9-7.6 3 en 
20 65 6.0 5.0-6.1 4.1-4.3 4.3-4.7 <2] ee 
30 98 4.5 3.9-4.2 
9.2-10.2’ 


* Records courtesy Research Division, British Columbia Game Department 


t Ranges recorded on reversing thermometer 


** Figures quoted to one decimal place based on bathythermograph trace; figures quoted to two places 


based on reversing thermometers 


tt Combined water sample from these two depths yielded 30 ppm suspended sediment on flocculation 
*** Secchi disk reading increased to 14 feet in October, 1954 and 22 feet on July 23, 1955, then de- 
creased to 14 feet on August 9, and 12 feet on September 4 and September 11, 1955 


The vertical distribution of temperature in 
the main body of the lake was determined on 
several occasions (Table 3) with reversing 
thermometers, supplemented in 1954 by a 
bathythermograph which provides a continu- 
ous record of temperature against depth. In 
1952 and 1954 temperatures in the deep waters 
were less than 3.94°C, the temperature of 
maximum density at the surface. This is a 
condition rarely described in North America 
but known to be typical of those deep lakes 
that cool in winter below 3.94°C throughout 
their extent (Strdm, 1945). In 1954 the tem- 
perature 552 feet below the surface was 3.68°C, 
somewhat below the temperature of maximum 
density for that depth and colder than deeper 


ppm of suspended matter in the bottom water 
added approximately 15 x 10~* gms/cc to the 
density, and its higher temperature (4.00°C) 
reduced it by less than 2 X 10~® gms/cc. Much 
of the sediment in the deep water was so fine 
that the water passing a No. 4 Whatman filter 
remained cloudy. 

Seasonal changes in temperature distribution 
at Garibaldi Lake have not been investigated 
but can be inferred from those known in non- 
glacial temperate lakes, particularly Lake 
Eikeren in southern Norway (Strém, 1944). 
Garibaldi Lake is normally ice-covered from 
December to June. Mixing of deep and surface 
water, the semiannual “overturn”, can take 
place during the isothermal conditions follow- 
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ing breakup and preceding freeze-up. The direct 
thermal stratification, warm above and cold 
below, observed at Garibaldi Lake is typical 
only of summer and autumn. 
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extended on surface only about 20 feet into 


the lake. In August 1952, a sharply defined in- 
terface sloped downward and outward at about 
15° from the mouth of the estuary. Wave stir- 


Temperature - Depth 
Dotted line — mean temperatures 
for central part of lake 
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FIGURE 4.—BATHYTHERMOGRAPH RECORDS, Bottom TOPOGRAPHY, AND SURFACE DISTRIBUTION OF 
TurBm WATER IN GARIBALDI LAKE NEAR SPHINX CREEK 


MovEMENT OF STREAM WATER INTO LAKE 


The movement of water from the two glacial 
streams into the lake is partly shown by the 
surface distribution of turbidity. The milky 
water of Sphinx Creek filled its estuary in 
September 1954 (Fig. 4), and August 1952, but 


ring was then slight, and the stream water was 
denser than the surface water of the lake; hence 
Sphinx Creek discharged as an underflow. On 
the other hand, an air photograph taken July 
19, 1949, shows milky water extending in a 
broad fan (Fig. 4) fully 700 feet into the lake. 
This was part of a surface layer, for the tur- 
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MOVEMENT OF STREAM WATER INTO LAKE 


bidity of the lake is sufficient to mask all detail 
more than 10 or 20 feet below the surface. 
Sphinx Creek at this time was evidently dis- 
charging as an overflow. 
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near-surface lake waters was also taking place 
judging from the slight but significant decrease 
in its transparency near the turbid tongue. On 
July 19, 1949, the tongue of turbid water was 
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FicurE 5.—BATHYTHERMOGRAPH REcorDS, Botrom TopoGRAPHY, AND SURFACE DISTRIBUTION OF 


TurRBID WATER IN GARIBALDI 


Sentinel Creek in September 1954 discharged 
turbid water which extended at the lake sur- 
face as a tongue 150 feet long (Fig. 5), bounded 
sharply on the north from the clearer lake water 
along the line of a submerged shoal and limited 
on the south and west by a convoluted bound- 
ary extending over relatively deep water. The 
boundary remained essentially stationary; evi- 
dently the influx from the creek was compen- 
sated mainly by sinking of the cool, turbid 
water into the lake. Some mixing with the 


LAKE NEAR SENTINEL CREEK 


more extensive and deflected sharply to the 
left, possibly by the shoal noted above. 

To determine the distribution of cool, turbid 
creek waters beyond visible limits, detailed 
bathythermograph records were made at sev- 
eral points (Figs. 4, 5). These differ from the 
records made in the central part of the lake 
in that: (1) temperatures in the uppermost 35 
feet are lower by as much as 1 Centigrade 
degree off Sphinx Creek and 3 Centigrade de- 
grees off Sentinel Creek; (2) off Sphinx Creek 
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the water 60 to 100 feet below the surface is 
cooler; (3) the curves, especially those recorded 
off Sentinel Creek, are more irregular, show 
sharp inflections, vary with position, and ap- 
parently change with time, judging from the 
discrepancies between the curves formed dur- 
ing the lowering and hoisting of the instrument 
at a single station (e.g., B.T. No. 13. Fig. 5). The 
first difference may result from mixing, aided 
by wave action, of lake and stream waters in 
the near-surface layers. The second difference 
may result from stream water flowing between 
warm lake water above and cold dense lake 
water below. Irregularity of the curves could 
result from incomplete mixing of lake and 
stream waters and would testify to the recent 
development of the temperature distribution. 

Some estimates are pertinent on the time 
required to produce the thermal anomalies off 
the creek mouths. In a 180-degree sector, 800 
feet in radius and 38 feet deep, the 0.4 Centi- 
grade degree average chilling from 9.0°C to 
8.6°C, indicated at the four B.T. stations, could 
be produced by mixing 11 parts of lake water 
at 9°C with 1 part of stream water at 4°C in 
about 10 hours flow at 85 c.f.s. On the other 
hand, the 0.3 Centigrade degree average chill- 
ing, from 4.3°C to 4°C, in the water of the 
same sector 65 to 100 feet deep, would necessi- 
tate elimination of almost all lake water by 
stream water and would require fully 120 hours 
flow. In September not more than 8 per cent 
of Sphinx Creek water was mixing with the 
surface layers of the lake. The introduction of 
an unlimited supply of stream water at 4°C 
would have almost no effect on the tempera- 
ture of the deeper lake waters, already at about 
4°C, and could remain undetected. Since the 
stream water at this temperature can spread 
readily 65 to 100 feet below the surface, it may 
disperse in three dimensions and move grad- 
ually into the deeper part of the lake. Exist- 
ence of this type of movement or of a rapidly 
moving and persistent underflow could be 
neither proved nor disproved with the condi- 
tions prevailing in September 1954. Though 
about 130 hours of flow from Sphinx Creek 
would be necessary to produce the observed 
effects within the 800-foot limit, much more 
time may have been involved. 
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Estimates for Sentinel Creek are not easy to i 


make because of variable stream temperature, 
Assuming that the mean daily stream tempera- 
ture was 4°C, mean discharge 40 c.f.s., and 


station 16 representative of a 180-degree sector B 


800 feet in radius about the mouth of Sentinel 
Creek, the 2 Centigrade degree chilling down 
to the 35-foot depth would require about 100 
hours flow. No reliable figure can be obtained 
for the relative volume or duration of any in- 
terflow or underflow. 

Sentinel Creek thus mixed readily with the 
near-surface water of the lake, but Sphinx 
Creek mixed hardly at all. Water densities, so 
similar in the two streams, cannot account for 
such differences in mixing. More probably the 
relatively great surface extent and perimeter of 
the intruding tongue of Sentinel Creek water 
favors mixing at shallow depth. Perhaps, too, 
the abrupt steepening of slope at the outer 
edge of Sentinel Creek delta permits cool stream 
water to flow out over warmer lake waters, 
creating inverted thermal gradients (e.g., B.T. 
Nos. 13, 15) in which vertical mixing is favored. 

The mingling of stream and lake waters is 
important in determining the level at which 
the entrained sediment is discharged into the 
lake. Sphinx Creek introduces little sediment 
into the uppermost 60 feet of the lake in Sep- 
tember but may contribute much in July. Sen- 
tinel Creek evidently drops much of its coarser 
load at its mouth to form the submerged delta 
(Fig. 5), but some of the finer suspended matter 
is introduced into the uppermost 35 feet of the 
lake. The possibility of some sediment accom- 
panying underflows along the bottom to great 
depths cannot be precluded. However, no sig- 
nificant subaqueous channel, such as_ those 
formed by persistent underflows at Lakes Ge- 
neva and Constance (Forel, 1885), was revealed 
by echo sounding off either Sentinel or Sphinx 
Creek. 


CHARACTERISTICS OF BOTTOM 
SEDIMENTS 
General Statement 


Three types of sediment can be distinguished 
on the basis of structure, porosity, and size 
distribution: 
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(1) Obscurely stratified to massive clays? 
(cores 92°, 390, 367) 

(2) Distinctly stratified sediment including 
laminae of clay, silt, and fine sand (cores 849, 
835, 448) 

(3) Slumped sediment of mixed sizes (core 
765 

a sample, core 524, a clay-rich silt, has 
characteristics of the first type but is coarser. 


Distribution 


The clays were found only on the steep slopes 
leading down to the central basin and on the 
western platform; the second and third types 
were found only on the basin floor and on the 
slope leading up to the southeast end of the 
lake. Judging from dregs on the coring tube 
and from dents in its cutting edge, the bottom 
near the southeast end is sandy to rocky. No 
cores were recovered there. 


Physical Characteristics 


Structure—The structure is shown in Plate 1, 
but the following points are noteworthy: 

(1) One relatively thick lamina of coarse silt 
and fine sand in core 448 terminates abruptly 
within the limits of the core sample (top of 
photo; 1 foot of overlying sediment has been 
removed). The silt and clay layers immediately 
beneath this lens, or ribbon, of sandy material 
are thinner than elsewhere, presumably because 
of differential compaction. 

(2) Core 367, though composed throughout 
of clay, exhibits a marked, irregular discon- 
formity cutting at 60° across the axis of the 
core and truncating an obscure lamination. 
Absence of coarser-grained material precludes 
the possibility that the disconformity records 
a temporarily lowered lake level. Downslope 
movement of the near-surface sediment, with- 
out marked disturbance of the bedding, may 
account for the relationship. 


*The term “clay” is used here as a sediment 
consisting predominantly of particles finer than 
0.002 mm irrespective of mineral composition. 
Clay minerals are almost or completely absent 
from these sediments. 

_ *Cores are identified by the depth of the lake 
at the point at which they were taken 
ig. 2). 


(3) Core 524 consists of 3 inches of massive, 
clayey silt to the base of which adheres a layer 
of well-sorted, fine gravel which evidently pre- 
vented further penetration of the coring tube. 
The gravel resembles the granitic detritus on 


TABLE 4.—PoOROSITIES AND SPECIFIC GRAVITIES 
OF LAKE-BotromM SEDIMENTS 


Sample Type vol. of Sore 
| solids 
sed, 

92 clay 73% 2.76 
390 clay 75% 2.704 
367 clay 69% n.d. 
524 clay-rich silt 59+ n.d. 
849 stratif. clay 6014 2.80+ 

silt, sand 6144 2.82 
448 silt 63% 2.78 
765 slumped sed. 63% 2.84 


the present beaches and may mark a shore 
deposit formed during the initial flooding of 
the lake basin. If so, the 3 inches of overlying, 
clayey silt is all the sediment that has accumu- 
lated and remained in place since that time. 

(4) Core 92, which exhibits no stratification, 
is marked by abundant, nearly horizontal dark 
lenticles, a few.tenths of a millimeter thick and 
a few millimeters long. A thin section shows 
parallelism of micaceous minerals within the 
lenticles, but no continuous laminae are dis- 
tinguishable by either size or orientation of 
constituent grains. 

Porosity and specific gravity.—Porosity de- 
terminations (Table 4) were made by drying 
measured volumes of the sediment shortly after 
they had been brought to the laboratory in 
sealed containers. Relatively high porosity of 
the clays is significant, as is the relatively high 
specific gravity of solids in all the sediments. 

Size distribution.—Size analyses were made 
of weighed samples of wet sediment taken di- 
rectly from the sealed containers. Duplicate 
samples were taken at the same time to be 
weighed, dried, and weighed again so that the 
equivalent dry weight of the analyzed sample 
could be determined. Each wet sample for 
analysis was stirred with fresh water in an 
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electric mixer and washed through a 325-mesh 
screen. Mechanical analyses were then made of 
the fine fraction, using a modification of the 
ASTM hydrometer method. Normally no dis- 
persing agent was added in the preparation of 
the samples; however, a few samples tended to 
flocculate even in fresh water, possibly because 
of the relatively high concentrations used in 
the hydrometer analysis (Oden, 1916). As re- 
peated stirring did not eliminate this floccula- 
tion, duplicate samples were run using either 
sodium carbonate or Calgon as a dispersing 
agent, with satisfactory results. The coarse 
fractions of the sediment, retained on the 325- 
mesh screen, were dried and analyzed by dry 
sieving. 

The results of the mechanical analyses are 
presented in cumulative curves in Figure 6. 
These curves show the contrast between the 
obscurely bedded to massive clay (samples 390, 
367, 92) and the slumped or clearly stratified 
silts (samples 765, 448, 849). Only sample 524 
was anomalous, for although it lacks obvious 
stratification, it exhibits the relatively coarse 
median diameter and the poor sorting of the 
well-stratified and of the slumped material. 

The analyzed samples of cores 448 and 849, 
which show the clear stratification, included 
many distinct but minute laminae of clay, silt, 
and fine sand, hence the poor sorting indicated 
by the curves. Only a few of the thicker and 
coarser laminae in the 1-inch diameter cores 
contained a sufficient weight of solid matter to 
be amenable to mechanical analysis. A remark- 
ably high degree of sorting was revealed for 
the laminae (Fig. 6) though many graded from 
coarse below to fine above. 

Atterburg limits —Liquid and plastic limits 
of one sample of clay from core 367 are 72 and 
35 respectively; the natural water content 
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(water loss at 110°C divided by dry weight) — 
was 90 per cent, corresponding to 71 per cent 


porosity. The clay is “sensitive”, as is the clay 


of Steep Rock Lake (Legget and Bartley, 1953, g 


p. 526), and with sufficient disturbance it may 
be converted to a semifluid. 


Composition 


Red dacite, typical of the volcanic rocks 
west of the lake, occurs as widely scattered 
discrete particles, mainly 0.045-8 mm in di- 
ameter, in the clays (cores 390, 367, 92). As 
much as 5 per cent of the sediment in core 390 
is red dacite. The coarse fraction from core 367 
consists largely of this volcanic detritus, but 
some quartz and granitic particles are present. 

Quartz, plagioclase, and hornblende, all from 
granitic rocks, are conspicuous in the coarser 
fractions of the stratified sediment in the cen- 
tral part of the lake. No volcanic detritus was 
found; debris from a western source must have 
been lost in a flood of material from the oppo- 
site shore. Biotite is present in some bottom 
sediments (cores 445, 890, 765) and is abundant 
in the massive clayey silt from the eastern slope 
(core 524). Minute limonitic pellets of unknown 
source have been noted in the slumped sedi- 
ment (core 765). 

The composition of the finer sizes of the 
clays has been investigated in a minus 0.4 
micron fraction from core 390. X-ray analysis 
indicates feldspar, quartz, biotite, and musco- 
vite. The proportion of biotite is higher than 
in a sample of fine sand from core 445, and the 
proportion of quartz lower. No hornblende 
could be recognized in the x-ray analysis, but 
an electron photomicrograph showed at least 
one grain which, judging from its shape and 
opacity, might be hornblende. No clay minerals 


PraTE 1.—CORE SAMPLES OF LAKE-BOTTOM SEDIMENTS 


X14 
FicurE 1.—Core 367, rrom 20 To 22 INcHES BELOW SEDIMENT INTERFACE; OBSCURELY STRATIFIED 
Cray LocaL DiscONFORMITY 
Ficure 2.—CoreE 849, From 1 To 3 INcHES BELOW SEDIMENT INTERFACE; IRREGULARLY STRATIFIED 
Cray, Sitt, AND FINE SAND 
Ficure 3.—Core 448, rrom 12 To 14 INcHEs BELOW SEDIMENT INTERFACE; IRREGULARLY STRATIFIED 
Cray, SILT, AND FINE SAND, WITH A LENS OR RIBBON OF SAND NEAR THE TOP OF THE SAMPLE 
Ficure 4.—Core 765, rrom 2 to 4 INcHES BELOW SEDIMENT INTERFACE; SLUMPED 
AND BRECCIATED SILT AND CLAY 
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were detected by x-ray or thermal analysis, 
and no grains with the hexagonal or tubular 
shape of many of the clay minerals were seen 
in the electron photomicrograph. Even the fin- 
est fraction of the lake sediment must consist 
of essentially unweathered rock flour. 

The base-exchange capacity of a sample from 
core 92 was about 19 milliequivalents per gram, 
low for clays of either the montmorillonite or 
illite groups, though seemingly high for a mix- 
ture of quartz, feldspar, and mica, unless very 
large surface area is responsible. 


DISCUSSION 
Deposition of Clays 


The clays found at the western end of the 
lake and on the slopes of the central basin 
differ from typical glaciolacustrine sediment 
only in the poorly defined lamination and lack 
of obvious varves. Well-defined, rhythmic bed- 
ding may be absent because: (1) relatively slow 
rate of deposition may lead to inconspicuous 
varves of microscopic thickness; (2) slow trans- 
port to the deeper part of the lake, and per- 
haps also to its more distal portions, may 
cause such a time lag between the entrance of 
sediment into the lake and its accumulation 
on the bottom that the effect of its intermittent 
introduction is effectively lost; (3) bedding, 
particularly if thin, may be obliterated by 
small-scale slump after deposition. 

Slow rate of deposition can be inferred. 
Assuming that the concentration of fine, sus- 
pended sediment in the two glacial streams has 
a mean annual value of 15 ppm (approximately 
the amount carried by Sphinx Creek in early 
September 1954), the average thickness of this 
sediment accumulating in a single year would 
be only 0.15 mm over the entire basin; un- 
doubtedly the distal, western part of the lake 
would receive less. 

Slow transport to the site of deposition is 
also indicated. The middle 50 per cent of the 
clays, for example, is made up mainly of parti- 
cles (between the first quartile, 0.0035 mm 
diameter, and the third quartile, 0.00035 mm 
diameter) which settle in still water at 4°C at 
rates of from 10 hours to 37 days per foot. 
From 15 weeks to 30 years might be required 
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for such particles to sink 300 feet below the 
level at which they were introduced, if the 
water were free from vertical currents. Prob- 
ably most of these settling particles would be 
involved in and redistributed by the semian- 
nual overturn of lake waters, and actual time 
for deposition in the deeper parts of the lake 
can only be conjecture. The rate of horizontal 
movement of the particles is also uncertain, 
An average, westerly drift of about a quarter 
of a mile per year is needed to compensate for 
influx and outflow of water. Wind-driven cur- 
rents are much more vigorous: driftwood has 
moved across the lake, about 3 miles, in less 
than 2 days under a strong and continuing 
wind, and surface water must move at com- 
parable rates. Rate of dispersal of sediment- 
laden waters from the eastern end of the lake, 
particularly if they are tens of feet below the 
surface, remains unknown. This hypothesis for 
the lack of bedding requires much more inves- 
tigation before its full importance is established. 

Slumping is at least of local importance: the 
disconformity of core 367 and the slump struc- 
ture of core 765 show that subaqueous transfer 
does take place. The dark lenticles of core 92 
may be the remains of bedding disrupted by 
downslope movement of the sediment. 

The coarse fraction, 0.045 to 8 mm in diam- 
eter, in the clays is distinct both in source and 
mode of deposition from the more abundant 
fine fraction. Though red dacite probably un- 
derlies the slopes from which the clay cores 
were recovered, it probably did not work into 
the sediment during downslope movement; the 
coarse, granitic detritus in core 367 cannot have 
been incorporated in this way. The dacite 
grains probably dropped from melting lake ice, 
perhaps after being blown onto it from the 
near-by shores. 


Deposition of Stratified Clay, Silt, 
and Fine Sand 


The coarseness of sediment on the flat 
bottom of the central basin is striking, com- 
pared with the fine texture of sediment resting 
on, or slumped from, its flanks. A mechanism 
of transport, other than sedimentation from 
dilute suspensions, is indicated. Stream velocity 
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DISCUSSION 


of 1 cm/sec (Hjulstrom, 1939) would be neces- 
sary to transport and deposit fine sand, such 
as occurs in core 448, and lake-bottom currents 
of about this velocity can be inferred. Such 
currents cannot be credited to surface winds 
or thermal overturns. Turbidity currents could 
transport such sediments at the velocities in- 
dicated, judging from laboratory and field 
experience (Kuenen and Migliorini, 1950, p. 
101-108; Bell, 1942, p. 522-523). Graded bed- 
ding, restriction of sandy layers to topographic 
lows, and association with a gently sloping 
bottom characterize deposits attributed to tur- 
bidity currents. 

The source of turbidity currents may lie in 
(1) the glacial streams, at times when their 
temperatures and sediment loads give rise to 
densities sufficiently high to cause continuous 
bottom flows, or (2) slumping of previously 
deposited sediment from the steep basin walls 
and particularly from the steep delta fronts. 
Some doubt exists that the water of Sentinel 
Creek could maintain its identity as a continu- 
ous bottom flow for a distance of 244 miles, 
but conceivably conditions may permit this on 
rare occasions. 

Some data suggest that slump-generated tur- 
bidity currents can develop in the lake. Sedi- 
ments partly disrupted by slump do occur 
(core 765). The clays are “sensitive”, contain- 
ing sufficient water to exceed the “liquid limit” 
at which flow can be induced by disturbance. 
Slopes are steep; even sandy sediment from 
Sentinel Creek is spilled onto a subaqueous 
delta front inclined at 20°-25°. The concentra- 
tion of filterabie sediment found in the water 
below a depth of 550 feet in September 1954 
was far in excess of concentrations in the in- 
flowing streams. Both the volume of water be- 
low this level and the amount of filterable 
sediment within it were well in excess of the 
annual supply from the two streams. A large, 
slump-generated turbidity current some time 
between August 1952 and September 1954, 
offers the best explanation for presence of this 
muddy and relatively warm water at depth. 
Finally, the irregular distribution of coarser 
laminae is more in keeping with intermittent, 
slump-generated currents than with stream- 
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generated bottom currents which might be ex- 
pected to exhibit a seasonal rhythm. 


Source of Sediment 


The granitic area east of the lake, where the 
tributary glaciers now exist, has provided 
nearly all sediment accumulating in the lake, 
judging from its mineral content. The red 
dacite lava outcropping along about 40 per 
cent of the lake shore has contributed but a 
few per cent of the detritus in the clays and has 
not been detected in the stratified silts, sands, 
and clays of the central basin. No fragments of 
chloritic graywacke or slate exposed north of 
the lake have been observed in the coarser 
detritus, and no chlorite has been detected by 
x-ray analysis of the clays. Thus mineralogy 
confirms the visual impression that the glacier- 
ized areas now contribute most of the sediment. 

Sediment sampling of the two streams indi- 
cates that only Sentinel Creek now contributes 
sand-size particles to the lake; Sphinx Lake 
effectively traps all coarse debris from Sphinx 
Glacier. 


Rates of Sedimentation 


Enough coarse and fine sediment was trans- 
ported by the two glacial streams in September 
1954 to deposit a uniform layer on the lake 
floor at the rate of 0.65 mm per year. Of this, 
more than half consisted of sand and coarse 
silt and would be deposited either in the delta 
of Sentinel Creek or on the Jake floor as far 
down as the central basin. Fine suspended sedi- 
ment would be distributed on floor and slopes 
alike, according to distance from the source 
and perhaps also depth of water. Some sus- 
pended sediment settling on the slopes evi- 
dently avalanches periodically and comes to 
rest on the basin floor. As a result, a high pro- 
portion of the incoming sediment is concen- 
trated in the half-square-mile floor of the cen- 
tral basin, where accumulation may go on at 
a rate of millimeters or even centimeters per 
year. Sedimentation on the slopes, particularly 
at the western end of the lake, may go on at 
only a small fraction of a millimeter a year, 
and over a period of years, parts of this may 
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be lost by sliding. For example, the 4 cm of 
clay in core 524 may be all that remains of 
sediment accumulating at this point since the 
lake first inundated it. Marked difference in 
rates of sedimentation can also account for the 
high concentration of ice-rafted(?), dacite de- 
bris in the clays and its scarcity in deposits of 
the central basin. 
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GEOMORPHOLOGY AND GLACIAL HISTORY OF SOUTHERNMOST 
BAFFIN ISLAND 


By J. H. MERcER 


ABSTRACT 


The southernmost peninsula of Baffin Island is a tilted peneplane, with an escarpment 
along Frobisher Bay. During most of the Wisconsin age, precipitation in the area must 
have been low, and there is evidence that the higher parts of the escarpment remained 
above the ice. Cirques with submerged floors show that during a considerable part of 
the glacial ages sea level was lower than today. Strand lines up to 1425 feet A.T. indi- 
cate very great depression of the land in the late Wisconsin, possibly connected with 
an increase of ice in the Hudson Strait area as precipitation increased after the dis- 
appearance of the topographic barrier of the main Laurentide Ice Sheet. When the sea 
level was between 210 and 180 feet the overflow from an ice-dammed lake cut two great 
gorges and formed a large bay-head delta. The dam may have been the northern mar- 
gin of an ice sheet centered in the Quebec-Labrador Peninsula. There is evidence of a 
warmer period in the recent past, and the present small icecaps are probably the re- 


juvenated relics of a larger icecap. 
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INTRODUCTION 


The southernmost peninsula of Baffin Island 
(Fig. 1) is not named on the latest maps. Hall 
(1865, p. 188) called it Kingaite, and this name 


is used throughout the present paper. The 
peninsula is part of the Canadian Shield and, 
except for one known outlier of Ordovician 
limestone near the head of Frobisher Bay, is 
composed of igneous and metamorphic Pre- 
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cambrian rocks. Essentially it is a tilted pene- 
plane with a drowned coast along Hudson 
Strait and an abrupt northwest-southeast 
escarpment facing Frobisher Bay. On the 
plateau behind the southeastern end there are 


HUODSOWN 


BAY 


GEOMORPHOLOGY OF THE PENEPLANE 


The peninsula is not a simple tilted peneplane 
since toward the southeast it narrows but the 
escarpment becomes higher. Air photographs 


BAFFIN 


Ficure 1.—Location Map 


two small icecaps, the Grinnell and the Terra 
Nivea (Fig. 2). Field work during the summers 
of 1952-1953, under a McGill University- 
Arctic Institute-Carnegie grant, was concen- 
trated on the escarpment and the narrow strip 
of the peninsula behind it which drains into 
Frobisher Bay, since this was readily accessible 
by water. Information about the rest of the 
peninsula was obtained largely from air photo- 
graphs. This paper presents a reconnaissance 
account of the geomorphology of the peninsula 
and a preliminary conception of the Pleistocene 
history. 


show that an ill-defined escarpment approxi- 
mately parallel to Hudson Strait separates a 
high-level plateau from a lower one, both rising 
to the northeast. The high-level plateau narrows 
to the southeast. The structure of the bedrock 
shows clearly from the air; the relief is low 
(Pl. 1, fig. 2; Pl. 2, fig. 3), and there are many 
rock-basin lakes. The low-level plateau has 
greater relief and fewer lakes. Bell (1901, p. 
9M) described it as rough, mountainous 
country, which rises gradually to the north and 
has been half submerged. 

Odell (1933, p. 208) considered that the pene- 
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plane in northern Labrador had been suf- 
ficiently modified by continental glaciation to 
be a glacial peneplane. This view appears ex- 


lineations may run in any direction, but the 
best developed run northeast at right angles 
to the coast. 
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FicurE 2.—KINGAITE PENINSULA 


treme; certainly in the Kingaite Peninsula 
there is no evidence that the ice profoundly 
modified the preglacial surface. Its activity 
was restricted to roughening the surface by 
selective erosion so that the ridges and valleys 
now coincide with outcrops of different erodi- 
bility. Some of the lakes are along lineations, 
some are along soft bands of rock, and others 
have no obvious relation to the structure. The 


GEOMORPHOLOGY OF THE FROBISHER 
Bay Coast 


General Characteristics 


It is uncertain when the peneplane was up- 
lifted, but Cooke (1930, p. 71) considered from 
the evidence of the rivers that the Shield was 
uplifted in the late Pliocene. The significance 
of the abrupt escarpment along Frobisher Bay 
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is not known, but the linear character of the 
coast suggests that it is a fault-line scarp. 
Southeast of the archipelago the water is 2000 
feet deep in places within a mile of the shore 
(Grainger, 1954). 

The coast (Fig. 2) can be divided into five 
sections northwest to southeast. 


Head of Frobisher Bay to Egglestone Bay 


From the head of Frobisher Bay to Eggle- 
stone Bay, the coast line has no marked em- 
bayments. The height of the escarpment near 
Egglestone Bay is about 2200 feet, and the 
whole section shows evidence of ice-sheet 
action, but with none of the results of alpine 
glaciation that appear farther down the coast. 


Egglestone Bay to Cape Lawrence 


From Egglestone Bay to Cape Lawrence, 
the coast is cut by deep glaciated valleys which 
open into Hidden, Newell, Leach, and Knee- 
land bays. These valleys and the cirques on 
their flanks have been modified by ice-sheet 
action. 


Cape Lawrence to Watts Bay 


The coast line from Cape Lawrence to Watts 
Bay is very straight except for several short 


J. H. MERCER—GEOMORPHOLOGY, BAFFIN ISLAND 


fiords (Pl. 1, fig. 2). The fiords have developed 
in the same directions as lineations. Most cut 
the coast line at right angles, opening to the 
northeast, but a few open nearly eastward. The 
largest are Ney Harbour, and Griffin, Minturn, 
Delano, and Watts bays, all about 5 miles long, 
Streams flowing to the heads of the fiords 
through broad, glaciated valleys have cut nar- 
row gorges up to 50 feet deep (PI. 4, fig. 3). 
There are also several low-level cirques, a few 
still containing small glaciers, and some short 
valleys with submerged mouths that are incipient 
fiords. Some of these valleys are wide at the 
mouth and taper to a point within a short 
distance. Such a valley is seen in Figure 1 of 
Plate 2 next to a normal cirque. The genesis 
of these valleys is not clear. In the Rondane 
area of Norway many of the cirques are at the 
heads of finger valleys. Strgm (1945, p. 366) 
concluded that this elongation is due to the 
fact that the rocks shatter so easily that back- 
wall recession is very rapid. If the rock is re- 
sistant but has vertical lines of weakness, 
stream erosion along one of these lines of weak- 
ness behind a cirque glacier might result in 
leaf-shaped valleys. 

The walls of all these valleys are steep, and 
some are precipitous. In a few places the walls 
of adjacent valleys have intersected to form 
ridges, but in most places long strips of the old 


Pirate 1—COASTAL VIEWS AND A PARTLY SUBMERGED CIRQUE 
Ficure 1.—View SOUTHEAST FROM THE SUMMIT OF THE PRESIDENT’S SEAT; GRINNELL ICECAP ON THE 
Ricut, OuTLET GLACIERS FLow1nc THRovuGH HIGHLY DissECTED ESCARPMENT TO FROBISHER Bay 
FicureE 2.—VieEw NorTHWEST FROM THE SUMMIT OF THE PRESIDENT’S SEAT (2980 FEET) 
Foreground: left, erosion surface remnant terminated by cirque backwall; right, another small erosion 
surface remnant isolated by cirque erosion. Background: left, the low relief of the inland plateau; right, the 


dissected escarpment 


Ficure 3.—CriRQUE WITH SUBMERGED FLooR, PRESIDENT’s SEAT PENINSULA 
The peak behind is about 2500 feet high 


Pirate 2.—AERIAL VIEW OF COAST, FELSENMEERE ON EROSION SURFACE, 
AND INLAND MARGIN OF ICECAP 
Figure 1.—Coast NEAR CAPE LAWRENCE; LOWER LEFT, PART OF NEY HARBOUR; 
Upper Ricut, CAPE LAWRENCE 
In valley marked X, the seaward part has gullied walls and felsenmeere on the erosion surface remnants 
above. The upper part has walls free from gullies, and the structure of the plateau above is plainly visible. 


(R.C.A.F. photo) 


FicuRE 2.—FELSENMEERE ON EROSION SURFACE REMNANT; ALTITUDE 2150 FEET 
Above right-hand wall of valley X in Figure 1 of Plate 2 
Ficure 3.—INLAND MARGIN OF GRINNELL IcecaP AT 1800 FEET; SHows Low Retrer oF 
PLATEAU, AND DEap Ice SLOPING IN OpposITE DrREcTION TO IcEcaP; 1 Aucust, 1952 
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AERIAL VIEW OF COAST, FELSENMEERE ON EROSION SURFACE, AND 
INLAND MARGIN OF ICE CAP 


B 
Me 


MERCER, PL. 3 


BULL. GEOL. SOC. AM., VOL. 67 


Ant. 


$ 


4 


Ficure 1 


Ficure 2 


YORK VALLEY AND A GORGE AT ITS HEAD 
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HIGH-LEVEL STRAND LINES AND A FIORD-HEAD GORGE 
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GEOMORPHOLOGY OF FROBISHER BAY COAST 


erosion surface have been preserved between 
adjacent valleys (Pl. 2, fig. 1). These undis- 
sected strips are almost parallel in profile, and 
the height of land is about 2 miles from the outer 
coast. Inland, there is a gradual descent of about 
300 feet to the plateau, which then slopes more 
gently southwestward (PI. 1, fig. 2). Seen from 
the air, these strips appear very different from 
the inland plateau, since the structure of the 
underlying rocks is not apparent. Examination 
on the ground shows a smooth surface almost 
completely covered with stones; exposures of 
bedrock are rare (PI. 2, fig. 2). 

One of the most striking features of this part 
of the coast is the gullying of the valley sides 
(Pl. 2, fig. 1). As seen clearly from the air, the 
shorter valleys are gullied throughout, the 
Jonger ones in the seaward section only. The 
valley marked X is severely gullied for about 
amile from the outer coast, and the walls meet 
the old erosion surface sharply. Just above the 
head of the fiord the gullying is only incipient, 
and half a mile farther inland the valley sides 
are almost devoid of gullying. 

Above the gullied section of the valley the 
plateau surface is smooth, and the bedrock is cov- 
ered with stones; above the slightly gullied 
section the surface is rougher; above the section 
without gullies and inland from there, the 
plateau surface has considerable relief, the 
stony covering is absent, and the grain of the 
underlying rock has been sharply etched. The 
difference is not lithological, for throughout 
there are steeply dipping, highly metamor- 
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phosed rocks which, although varying from 
band to band, are similar in the mass. Reasons 
given below show that the extreme coastal 
section was ice free during the last glaciation. 

In this section, initial differences in the size 
of the drainage areas, and differences in erodi- 
bility of the lines of weakness that the streams 
follow have resulted in great differences in 
valley size. Subsequent modification of the 
valleys by cirque glaciers and by outlet glaciers 
from the former icecap has accentuated the 
differences. 


Watts Bay to York Sound 


Southeast of Watts Bay the straight south- 
easterly course of the coast line is interrupted 
by the President’s Seat peninsula, which pro- 
jects eastward for 4 miles. Beyond this the 
coast again runs southeastward, interrupted 
by short fiords, to York Sound!. The dominant 
rock in the peninsula is a charnockitic adamel- 
lite?. Alpine glaciers have dissected the penin- 
sula, and the character of the rock has enabled 
cirque backwalls nearly 3000 feet high to de- 
velop. Four cirques still contain glaciers, and 
several empty cirques have floors below sea 
level (PI. 1, fig. 3). Only fragments of the old 
erosion surface are found, such as the summit 


1 Neither York Sound nor Jackman Sound is a 
sound in the modern sense of the word, but a bay. 
They were named in the sixteenth century by Sir 
Martin Frobisher. 

2 Identified by W. B. Dallwitz, Bureau of Mineral 
Resources, Canberra, Australia. 


Pirate 3.—YORK VALLEY AND A GORGE AT ITS HEAD 
Ficure 1.—YorK VALLEY FROM AsBouT 20,000 FEET; View East 
Lower right, mouth of one of the gorges, and delta built by tributary almost across the York River; 
upper left, York Sound; upper right, Jackman Sound, one outlet glacier of the Terra Nivea visible; maturely 


dissected coastal mountains. (R.C.A.F. photo) 


FicurE 2.—SurRFACE OF YorK VALLEY, 4 MILES FROM THE CoAsT; VIEW 
East FROM NEAR LEFT-HAND BEND IN RIVER (CF. Pt. 3, Fic. 1.) 
Fic. 3—SouTHERN GORGE ENTERING YORK VALLEY; SOUTHWEST; HupsoNn Strait IN BACKGROUND 
Lake at head of gorge drains into Hudson Strait; stream in gorge, now ponded by screes, flows to- 


ward camera. (R.C.A.F. photo) 


Pirate 4.—HIGH-LEVEL STRAND LINES AND A FIORD-HEAD GORGE 
Ficure 1.—Srranp Line aT 1140 Feet Near Cape RAMMELSBERG; VIEW EAST; SHINGLE SURFACE IN 
FoREGROUND, BOULDERS INCREASING TO ForEsLoPE 80 Yarps AwAy WHICH 
Is ENTIRELY OF BOULDERS 
Ficure 2.—Srranp Line aT 1425 Feet NEAR Cape RAMMELSBERG; ViEW NorTHEAST; FROBISHER BAY 
IN BACKGROUND 
Ficure 3.—HrEap oF DELANO Bay. Gorce Cut THRrouGH RAISED STRAND LINES AND BEDROCK 
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platform of the President’s Seat. Fragments 
preserved near by at considerably lower alti- 
tudes show that the surface, though smooth, 
was not flat (Pl 1, fig. 2). 

In contrast to the coast northwest of Watts 
Bay, very little of the old erosion surface is 
preserved between the fiords (Pl. 1, fig. 1). 
The valleys leading to the fiords contain outlet 
glaciers of the Grinnell Icecap, some of which 
reach sea level; otherwise this section is very 
similar to the coast of northern Labrador, as 
described by Odell (1933, p. 208) and Tanner 
(1944, p. 66). 


Southeast of York Sound 


At York Sound the escarpment, hitherto 
continuous from the head of Frobisher Bay, 
is interrupted by the flat alluvial plain of the 
York Valley and its associated gorges (Pl. 3, 
fig. 1). Southeastward, the coastal escarpment 
is broken into isolated groups of mountains. 
As in the section of the coast northwest of 
Watts Bay, cirque erosion is confined to the 
coastal mountains, where it has advanced to 
maturity. There are no inlets corresponding to 
the fiords to the northwest. Jackman Sound 
is a T-shaped bay; the stem of the T passes 
between two groups of mountains and is at 
right angles to the coast. Overlooking the bay 
is the Terra Nivea Icecap, whose outlet glaciers 
flow in shallow valleys; this subdued landscape 
is in marked contrast to the spectacularly 
sculptured country through which the Grinnell 
outlet glaciers flow to the sea. 


Drainage of Kingaite Peninsula 


As in northern Labrador (Tanner, 1944, 
p. 160), the drainage of Kingaite Peninsula is 
mainly structurally controlled, and the streams 
flow along lineations. Where lineations inter- 
sect, a stream may abandon one for another, 
or it may follow the same one for a long way. 
This is well illustrated by the streams that have 
cut the two gorges opening into the York 
Valley. One of these has a very straight course 
(Pl. 3, fig. 3); the other takes several right- 
angled bends. 

The streams flowing northeastward into 
Frobisher Bay are short, except for the two 
engorged rivers. The watershed separating the 


Hudson Strait and Frobisher Bay drainage 
areas is not far inland from the height of land, 
but it is difficult to know where it is because of 
the profusion of lakes on the plateau. The two 
gorges begin in comparatively low country to 
the southwest and cut through the highest part 
of the plateau (Fig. 3; Pl. 3, fig. 3). The northern 
gorge begins at a pronounced nick point, and 
half a mile upstream there is a corrom water- 
shed: a tributary has built a fan, and the 
rivulets on one half flow into Frobisher Bay, 
on the other half into Hudson Strait (Fig. 3A). 

The present streams could not have ex- 
cavated these gorges. The impotence of the 
streams is shown by the screes ponding them 
in the gorges, and by the delta built by a 
tributary almost across the channel of the 
combined river (Fig. 3B; Pl. 3, fig. 1). Gorges 
up to 50 feet deep with actively eroding streams 
are found at the heads of most of the bays and 
ice-free fiords (Pl. 4, fig. 3), but those entering 
the York Valley are 1000 feet deep in places 
and probably result from headward erosion 
along lines of weakness. Tanner (1944, p. 133) 
expressed a similar opinion about the Fraser 
River gorge in Labrador. The absence of com- 
parable gorges elsewhere in the peninsula indi- 
cates that the York Valley gorges contained 
exceptionally powerful rivers at the time of 
their formation. 


RaIsED STRAND LINES 
Previous Observations in Neighboring Regions 


In Frobisher Bay, Wengerd (1951, p. 635) 
described a series of strand lines up to 912 feet 
that he had seen from sea level near Cape 
Rammelsberg. He claimed that, when standing 
at 1000 feet at another point, he had seen strand 
lines some distance away and several hundred 
feet higher. 

In northern Baffin Island, Freuchen and 
Mathiassen (1925, p. 554) claimed to have 
found “well-defined shore terraces” up to 660 
feet at Pond Inlet, and at 1320 feet west of 
Milne Inlet. The highest undoubted marine 
beach found by Nichols (1936, p. 6) in the 
Eastern Arctic was at 550 feet near Wolsten- 
holme. Above it were forms that might have 
been either true beaches or solifluction terraces. 

According to Coleman (1921, p. 27) and 
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RAISED STRAND LINES 


Daly (1902, p. 258), the marine limit in north- 
ern Labrador is between 220 and 265 feet. Bell 
(1890, p. 308), however, claimed, “At Nachvak 
_,,raised beaches show with great distinctness 
1500 feet above the sea.” 
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marily upon their composition, and only 
secondarily upon their age. Solifluction has 
had little effect upon boulder terraces and 
terraces with foreslopes of boulders, and these 
remain well preserved. Gravel strand lines 


Glacier 


_Miies 


FicurE 3.—York VALLEY AREA 


Since it is sometimes difficult to distinguish 
raised beaches from solifluction terraces, lateral 
moraines, and kame terraces, it is hard to 
evaluate these observations without further in- 
vestigation. Wengerd’s claim was found to be 
essentially correct, which lends credibility to 
the other observations. 


General Statement on Kingaite Peninsula 
Strand Lines 


Elevated strand lines were found along the 
entire coast between Jackman Sound and the 
head of Frobisher Bay, from 10 to 1425 feet 
above sea level (Table 1). The state of preserva- 
tion of these strand lines has depended pri- 


have suffered more, and recognizable strand 
lines of clay are found only at the lowest alti- 
tudes. A few shells were found in the strand 
lines at 140 and 65 feet only. This is not surpris- 
ing, however, since shells are rare in the modern 
beach. Shells on the surface are soon destroyed 
and those below the surface in permeable de- 
posits are subjected to solution by percolating 
water, whose solvent powers are greatest at low 
temperatures. Thus only in beach material 
largely of clay can shells reasonably be ex- 
pected. 

The strand lines are described from south- 
east to northwest as they were seen in the field. 
The coast was not visited southeast of Jackman 
Sound. 
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Jackman Sound to York Sound plain flows the entrenched York River, (p 

the north side of the river mouth the alluvial] 3" 

Around Jackman Sound, strand lines at 65 cliffs are 65 feet high, but the flat area above} 84 
and 140 feet are widespread. In the north- them is small. On the south side the cliffs are} We 
western arm of the bay, there is a series at 90, 120 feet high, and the surface of the plain rises 


TABLE 1.—RAISED STRAND LINES ON THE WEST COAST OF FROBISHER BAY 
Height in feet. Parentheses denote a doubtful strand line 


ar 
Jackman Sound 120 
_|65| 90 |140/175 (1030)] (1120) G 
York Sound “165 140 460 640 | (725) | (830) cl 
President’s Seat 65} /330 fe 
Peninsula fo 
Watts Bay 15 to 65 130 330/370} 450 0! 
Delano Bay 120 a 
65 to 130/180|220 |330 450 |530 4 
Minturn Bay 30 65} 85 |130 450 |540 fi 
Griffin Bay 540 
Ney Harbour 65 140 
2 miles north of (920) 
Ney Harbour 
Leach Bay 65] (several intermediate) | 450 ‘ 
Egglestone Bay 210, ‘ 
270, 
290 |320 
Cape Rammels- 210 
berg 65| {235 | |390/(460)| | (675)| 740 to 840 1140 


120, 140, and 175 feet, and an outlet glacier of gradually to 210 feet 5 miles inland. The whole 
the Terra Nivea Icecap is retiring from a recent feature appears to be an elevated bay-head 
advance into the 90-foot terrace (Fig. 3C). delta. The cliffs show marked deltaic bedding 
Above 140 feet, patches of gravel similar to and are composed of fine gravel and sand with { 
that composing the lower terraces and the a few bands of shells. Across the mouth of the 
present beach occur up to 1200 feet. From river is a bar, and a short distance behind the 
sea level to about 1200 feet, pebbles of whitish cliffs is a fossil bar 140 feet above sea level. 
fossiliferous limestone of unknown origin dis- The composition of the plain is revealed toa 
tinguish the surface deposits from those above, depth of about 100 feet by the entrenched river. 
which consist of frost-shattered bedrock. In The material coarsens progressively until, 2 
places, such as the southeastern end of the bay, miles inland at a height of 180 feet, it is of 
there is a continuous covering of this material rounded boulders 6-12 inches in diameter 
with no terraces. Elsewhere, there are some well- (Pl. 3, fig. 2); farther inland the composition 
marked terraces. Although many look like remains the same. At the head of the plain 
marine terraces, none are very extensive, and _ where the surface is at 210 feet, terraces on the 
they may be the result of solifluction. On the hillside at 270 and 360 feet are also of rounded 
north side of the entrance to Jackman Sound boulders. A short distance above this point 
there is a flat area of limestone-bearing gravel two streams of approximately equal size com- 
in a col above the backwall of a cirque at an bine to form the York River. Just above the 
altitude of 1030 feet (Fig. 3D). confluence the streams emerge from the gorges 
The cliffs at the head of York Sound are of previously described; these are evidently the 
alluvium. Behind them stretches a plain, 5 source of the material in the alluvial plain 
miles long and up to 3 miles wide, bounded by (PI. 3, fig. 1). 
steep, rocky hillsides (PI. 3, fig. 1). Through this Above the York Plain at its widest point 
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830 feet; the deposit at 640 feet is especially 
well developed (Fig. 3E). 


York Sound to Watts Bay 


Between York Sound and Watts Bay there 
are many cirques, some with submerged floors, 
and steep-walled fiords with glaciers of the 
Grinnell Icecap at their heads. In most of the 
cirques there are strand lines at 65 and 140 
feet. Most of the higher slopes are too steep 
for the preservation of high strand lines, but 
one is found at about 180 feet in three cirques 
and at 330 feet in one. The steep-walled fiords, 
their heads occupied by glaciers, have only 
fragments of the 65-foot strand line. 


Watts Bay to Cape Lawrence 


The heads of the fiords between Watts Bay 
and Cape Lawrence are not occupied by glaciers, 
and many strand lines are preserved in the 
valleys leading to them. At the head of Watts 
Bay is a terrace at 130 feet. Above this, scree 
has covered any strand lines that may have 
existed. In a cirque on the south side of the 
fiord, however, there are strand lines at 330, 
370, and 450 feet. On a small peninsula at the 
entrance to the fiord there is an uninterrupted 
series of strand lines, at intervals of about 1 
foot, from 15 to 65 feet. 

On a large island at the entrance to Delano 
Bay there is a similar series of strand lines from 
65 to 130 feet. At the head of the fiord there is 
a striking series of terraces at 120, 180, 220, 
330, 450, and 530 feet. The two lowest terraces 
are of shingle, the rest of boulders (PI. 4, fig. 3). 

At the head of Minturn Bay are six strand 
lines at 30, 65, 85, 130, 450, and 540 feet. The 
lower four are of shingle, and the others of 
boulders. 

In Griffin Bay there is a shingle strand line at 
540 feet, unusually well preserved for one of 
this composition at this altitude. 

In Ney Harbour only two strand lines at 65 
and 140 feet were found, but in a valley 2 miles 
north was an expanse of shingle at 920 feet. 


Cape Lawrence to Egglestone Bay 


Between Cape Lawrence and Egglestone 
Bay there is a series of strand lines from 65 to 
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450 feet in Leach Bay. In Egglestone Bay there 
is a massive deposit of sand and shingle 320 
feet high, terraced at 210, 270, and 290 feet. 


Egglestone Bay to the Head of Frobisher Bay 


There was not time to investigate the entire 
coast between Egglestone Bay and the head 
of Frobisher Bay. It was decided, therefore, 
to concentrate on the Cape Rammelsberg area, 
to examine closely the strand lines that Wengerd 
had reported. 

Cape Rammelsberg is a low-lying peninsula. 
Much of it is covered with the clay forming 
the 65-foot strand line, which is being rapidly 
destroyed by mass movement. Along the coast 
to the northwest are terraces of sand and gravel 
at 140, 210, and 235 feet. In the first stream 
valley northwest of the Cape there is a terrace 
at 390 feet with a foreslope of boulders. Above 
this there is gravel on the valley sides with a 
number of terraces. Those found on one side of 
the valley only may have been caused by soli- 
fluction, but those at 460, 675, and 840 feet, 
found on both sides of the valley, are probably 
strand lines. On the south side there is an ill- 
defined gravel terrace at 1140 feet. Below this 
the hillside is covered with similar material 
in which solifluction is very active. 

The head of the valley is a col slightly above 
the 840-foot terrace. On the other side of the 
col there is another valley running at right 
angles, parallel to the coast. The inland side of 
this valley rises to about 2000 feet and has 
several horizontal terraces upon it; the most 
extensive lies at 1140 feet and there is a very 
well-preserved series between 740 and 840 feet. 
The foreslope of the 1140-foot terrace and the 
surface just behind it are composed of sub- 
rounded boulders mostly 6 to 18 inches in 
diameter but with a considerable number of 
much larger ones up to 4 feet in diameter. The 
terrace ranges in width from a few yards to 
about 300 yards where there is an embayment 
in the hillside. Where it is narrow the terrace 
is composed entirely of boulders; where it is 
widest the surface is of boulders alone at the 
top of the foreslope and grades through scat- 
tered boulders to fine shingle 100 yards back 
(Pl. 4, fig. 1). There is a less well-preserved 
terrace at 1425 feet, the highest that was found 


(Pl. 4, fig. 2). 
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Since the terraces are evidently shore line 
deposits but no shells were found, it may be 
suggested that they are not of marine origin 
but were lake-formed. They face Frobisher 
Bay, however, and thus could not have been 
formed by a lake confined to the valley they 
are in (PI. 4, fig. 2). The land on the opposite 
side of the Bay is below 1400 feet for a con- 
siderable distance inland, and the height of 
land between Frobisher Bay and Amadjuak 
Lake to the northwest is also lower, so that it 
is difficult to account for an ice-dammed lake 
with waters at this altitude. Furthermore, the 
lower members of this series are almost cer- 
tainly of marine origin. 


KINGAITE PENINSULA DURING THE 
PLEISTOCENE Epocu 


Introduction 


Most of the larger landforms of Kingaite 
Pensinula were probably forming throughout 
the Pleistocene; successive generations of 
glaciers enlarged the cirques and lengthened 
and deepened the fiords. (Cf. Flint, 1947, p. 
96.) When the fiords were small the drainage 
facilities they afforded the plateau ice may have 
been inadequate, so that the entire escarpment 
was covered by ice. There is evidence, however, 
that the higher parts of the escarpment were 
not glaciated during the Wisconsin age, at least 
by moving ice, probably because of improved 
drainage into the fiords. A similar view was 
expressed by Bretz (1935, p. 225) about the 
coast of East Greenland. 


Onset of Glaciation 


There is no evidence that the climatological 
causes and accompaniments of glaciation 
changed during the Pleistocene. At the be- 
ginning of glacial ages, according to Flint 
(1952, p. 142): 


“Glaciers descending the western slopes of the 
mountains of Ellesmere and Baffin Islands and of 
Labrador and Quebec formed a piedmont apron of 
ice that chilled the air above it and thus drew 
snowfall from the comparatively moist air masses 
that approached it from the south and southwest. 
The added snowfall increased the thickness of the 
ice, which thereby gradually became a topographic 
barrier to the southerly and southwesterly winds. 
... The high cold front of the combined glacier 
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crept ate westward and southward, fed by mois. 
ture brought to it by the winds it intercepted. At 
the same time the ice thickened until it buried o; 
nearly buried the highlands along the northeast 
coast on which the earliest glaciers had formed”, 


According to Flint’s description, the moun- 
tains of Labrador and Baffin Island are moun. 
tain ranges, that is, high ground of relatively 
small summit area with moderate to steep 
slopes on both flanks. In mountains of this kind, 
cirque glaciers could lengthen into valley 
glaciers and debouch onto plains to form pied- 
mont glaciers. The mountains of Baffin Island 
and northern Labrador, however, are eastward- 
facing escarpments terminating tilted pene. 
planes. The western slopes are gentle, and the 
valleys very shallow, in contrast to the eastern 
slopes. Ice must have flowed westward on a 
broad front; presumably a plateau icecap ex- 
panded, and its margin moved progressively 
westward. Gradients and relief were insuf- 
ficient to allow the ice to advance as individual 
tongues. 

A valley glacier represents the excess ac- 
cumulation of a large area concentrated into 
a narrow and relatively fast-moving stream. 
It can thus extend far below the equilibrium 
line,? and when it reaches the lowlands it may 
form a piedmont apron of ice. The margin of 
a plateau icecap can never be far below the 
equilibrium line, or the ratio of the ablation 
area to the accumulation area will be too high. 
The Grinnell Icecap, for example, has steep 
and narrow tongues descending to sea level 
on the Bay side, but on the plateau its edge 
is close to the equilibrium line. The lesser ac- 
tivity on the landward side is partly caused by 
greater exposure to the sun, but mainly by the 
topography. 

For these reasons the land being covered by 
the advancing ice to the west of the high land 
in Baffin Island and Labrador probably was 
not very far below the equilibrium line. 


The equilibrium line on a glacier or icecap 
separates the area of net ablation below from 
area of net accumulation above. On ‘temperate’ 
glaciers this coincides with the firn line. On many 
glaciers in the arctic, however, refrozen meltwater 
is important in the economy, and a wide band of 
this superimposed ice may separate the equilibrium 
line from the firn line. On the Barnes Icecap in 
northern Baffin Island there is no firn, and nourish- 
ment is entirely by superimposed ice (Baird, 1952, 

. 9); on the Grinnell Icecap the equilibrium line 
is at about 1800 feet and the firn line at 2200 feet. 
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Wisconsin Maximum 


As the ice sheet moved westward and south- 
westward from the Quebec-Labrador Peninsula, 
it intercepted precipitation that would other- 
wise have fallen on Baffin Island. Cyclones 
continued to cross it at first, dropping an in- 
creasing proportion of their precipitation upon 
the western and southwestern sides as it grew 
thicker. Eventually the ice became thick 
enough to act as a topographic barrier, tending 
to deflect the cyclones along the southern 
margins. Some cyclones may have passed over 
the icecap as high-level perturbations, as they 
do over Greenland today (Dorsey, 1945, p. 140), 
but they did not bring much precipitation to 
Baffin Island. The northern parts of the ice 
sheet may thus have become reduced. This 
opinion was expressed by Flint (1943, p. 353) 
who also gives the following description of the 
character of the Pleistocene ice sheets (1947, 
p. 52): 


“The vast former ice sheets of North America, 
Europe and Western Siberia were climatically more 
like the Greenland Icesheet than like its larger 
Antarctic counterpart. None of them were in regions 
of extreme cold; all of them lay in the paths of 
traveling cyclonic air masses; they tended to re- 
ceive abundant precipitation and to be affected, 
at times at least, by strong ablation. If analogies 
with present conditions are to be pressed, we must 
+ to Greenland rather than to Antarctica for 
em. 


Flint is apparently referring to the southern 
part of the Greenland Ice Sheet. Ablation on 
the high and on the more northerly parts of the 
Laurentide Ice Sheet must have been small, 
and these parts of the ice sheet were probably 
of polar and not of temperate type. (Cf. 
Ahlmann, 1953, p. 5.) This also applies to the 
higher and to the more northerly parts of the 
Greenland Ice Sheet; in the north of Greenland, 
however, there is a considerable area of ice- 
free land which allows summer temperatures 
to rise well above freezing point. In the south 
of Baffin Island during the height of a glacial 
age, conditions must have been much more 
severe, since only a few nunataks projected 
above the ice. The region was separated from 
warm air sources by thousands of miles of ice 
and snow, and even southeastward the sea may 
have been covered with floating shelf ice for 
a considerable distance (Flint, 1947, p. 235). 
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Today, such conditions prevail only in coastal 
Antarctica, and comparisons should be made 
with this region to understand conditions in 
Baffin Island at the glacial maxima. 

The small amount of erosion being accom- 
plished by Antarctic glaciers today, noted by 
Taylor (1914, p. 369), Priestley (1923, p. 46), 
and Gould (1940, p. 847), is shown by the 
scarcity of moraines, the clearness of the glacier 
streams, and the minor modification of cirques 
which have been buried by the ice and subse- 
quently exhumed. Thus erosion by ice on the 
Kingaite Peninsula at the height of the glacial 
ages was probably slight. Cirques and fiords 
probably were not formed in the opening stages 
or they would have developed along the entire 
escarpment. Northwest of Egglestone Bay, 
however, there are none. This section has been 
covered by an ice sheet and cirques had not 
developed before this buried the escarpment. 
Cirques were formed down the coast because 
the escarpment was ice-free much longer. Be- 
tween Egglestone Bay and Cape Lawrence the 
cirques have subdued outlines; they were ap- 
parently modified by ice after their formation, 
and not reoccupied. Southeast of Cape 
Lawrence the cirques have maximum de- 
velopment and are fresh in appearance. They 
must have been formed mainly after the escarp- 
ment to the northwest was buried in ice. They 
were not occupied in the closing stages of the 
Wisconsin, since they were then below sea level; 
strand lines up to 450 feet occur in them. If 
erosion was slight because of intense cold at 
the time of maximum extension of the ice 
sheets, the cirques must have been formed be- 
tween the time the escarpment to the north- 
west was buried and the onset of conditions of 
antarctic severity. The size of the cirques in- 
dicates that this period was long. The absence 
of even highly modified cirques northwest of 
Egglestone Bay points to a similar sequence 
of events in each glacial age. 

Many of the largest cirques have floors below 
sea level. When they were formed sea level 
must have been lower than it is today, since 
a cirque glacier probably could not excavate 
below sea level in the presence of sea water. 
A valley glacier can end in the sea only if there 
is sufficient movement of ice from behind to 
replace the wastage at the terminus. 
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Cirques with floors below sea level are also 
known in northern Labrador, the Lofoten 
Islands, and in Antarctica. Taylor (1914, p. 


@ 


ice sheet during the last ice age. AhImann does 
not suggest when these cirques were excavated, 
but he says that cirque erosion on the island 
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FIGURE 4.—CHANGEs IN SEA LEVEL AND HyporHeTICAL CHANGES IN Ice CovER IN THE KINGAITE 
PENINSULA VICINITY 


Sections from Hudson Strait northeast to Frobisher Bay: (a) Early to mid-Wisconsin (b) Late Wiscon- 
sin (c) Present. All heights relative to present sea level 


554), writing of such a cirque in East Ant- 
arctica, concluded that it was formed at the 
beginning of the advancing hemicycle of glaci- 
ation. On Moskenaesé, in the Lofoten Islands, 
there are many partly submerged cirques. 
According to Vogt (1913, quoted by Linton, 
1949, p. 26) and Ahlmann (1919, p. 236), the 
islands were not covered by the continental 


as a whole proceeded throughout the last glacial 
period. This is also the opinion of Undas (1939, 
quoted by Linton, 1949, p. 28). The islands 
were not isostatically depressed during the last 
ice age (Gutenberg, 1941, p. 738) and were 
affected only by the eustatic fall in sea level. 
Cirque erosion could thus proceed to about 300 
feet below present sea level. 
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At the height of general glaciation the eustatic 
fall of sea level was between 230 and 330 feet 
(Flint, 1947, p. 427). The evidence of the 
partially submerged cirques shows that the 
eustatic fall of sea level affected south Baffin 
Island long before the region was isostatically 
depressed. This supports the supposition that 
ice on the Kingaite Peninsula was thin because 
of starvation while the main Laurentide Ice 
Sheet existed (Fig. 4a). The land may have 
stood higher, however, before the Wisconsin. 
Cooke (1930, p. 86) estimated that at the be- 
ginning of the Pleistocene the southwest coast 
of the peninsula stood 400 feet higher than 
today. Whether it fully recovered in each inter- 
glacial is not known, but the only cliffing ap- 
parent today is associated with the sea at its 
present level, suggesting that emergence of the 
land is virtually complete. 

The sharp topography of the coast southeast 
of Cape Lawrence suggests freedom from ice- 
sheet action. Conflicting views have been held 
on this subject. Taylor (1914, p. 554) and 
Wright and Priestley (1922, p. 149) noted the 
small amount of modification in cirques buried 
and subsequently exhumed by the Antarctic 
Ice Sheet. T. C. Chamberlin (1895, p. 219), 
with first-hand knowledge of about 1000 miles 
of the west coast of Greenland, noted that 
stretches of angular, unsubdued topography 
alternated with stretches of rounded, flowing 
contours. He concluded that the ice did not 
reach the coast along its entire length. Tarr 
(1897, p. 254) found transported blocks and 
patches of boulder clay on the highest summits 
in the Upper Nugssuak Peninsula of West 
Greenland. Nevertheless, he said (1897, p. 258), 
“The ruggedness of the hills was such that from 
the topography alone no one would infer glacia- 
tion.” He concluded (p. 267), “It is evident 
that rugged, angular topography does not 
necessarily indicate freedom from ice invasion.” 
On the same peninsula, however, Demorest 
(1937, p. 55) reported: 

“...some unoccupied cirques...show evidence 
of having been eroded by the continental glacier. 
Their sides have been smoothed and polished by 
the overriding ice and grooves and striae are cut 


high in the walls where recent cirques should show 
only the effects of plucking and frost-action.” 


Thus an overriding ice sheet may produce 
little alteration in the large-scale appearance 
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of a jagged landscape, but close examination 
will reveal evidence of its passage. At the least, 
loose shattered rock will be removed, and an 
ice sheet flowing over a steep escarpment would 
do more. By these criteria the Frobisher Bay 
coast of the Kingaite Peninsula southeast of 
Cape Lawrence has not been covered by an 
ice sheet since the cirques and fiords were oc- 
cupied by ice. 

Differing views regarding the ice coverage 
have been held about the Torngat Mountains 
in northern Labrador, 250 miles to the south. 
Bell (1895, p. 335) considered that throughout 
the glacial period the coastal range was above 
the ice and the average elevation of the valley 
glaciers was about 2000 feet. Low (1896, p. 
310L), Daly (1902, p. 205), and Coleman (1920, 
p. 319; 1941, p. 117) held the same view. Cole- 
man (1941, p. 117) said, “...I was much im- 
pressed by the wilderness of loose residual 
blocks covering the tableland, all composed 
of the immediately underlying bedrock and 
evidently undisturbed for many thousands of 
years.” 

Odell, however, believed that at some stage 
the Torngats were submerged beneath the ice 
sheet. Since his view has won wide acceptance 
(Flint, 1947, p. 237; Tanner, 1944, p. 184), 
and since the problem is similar to that in the 
Kingaite Peninsula, it is worth examining care- 
fully. Firstly (1938, p. 204), he discounted the 
significance of the felsenmeere on the uplands: 


“In the mountains of Spitsbergen and East Green- 
land high terrain near the sea with ample moisture- 
laden winds in a region of intense frost action has 
been observed to produce thick coverings of frost- 
riven stony soil. This has happened entirely since 
these terrains have been freed of ice by recent with- 
drawals of the ice sheets into the interior.” 


Secondly (1938, p. 205), he asserted that he 
had positive evidence of high-level ice action: 


“.,..the writer found actual evidence of ice- 
polished rocks at about 4700 feet ... that is, nearly 
3000 feet higher than the elevation others have 
thought to be the maximum ice level. However, the 
somewhat weathered condition of this rock surface 
at the time showed that it might possibly be due 
to an ice advance earlier than the... Wisconsin.” 


It is hard to judge the significance of this 
observation in view of the difficulty of recog- 
nizing a weathered, ice-polished surface with 
certainty. Dahl (1947, p. 233) declared that 
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total ice cover is impossible where high moun- 
tains are near a deep ocean, since ice extending 
beyond the border of the ocean will break and 
float away. He specifically disagreed with 
Tanner (1944, p. 184) about the Torngats. 
If the slope of the ice is 1 in 100 (which he con- 
sidered the maximum) all mountains with sharp 
relief higher than 1000 m will protrude as 
nunataks for a distance of 100 km from the ice 
edge (Dahl, 1946, p. 232; 1947, p. 234). These 
figures would be slightly less if a belt of shelf 
ice existed off the coast, but Dahl’s objection 
appears well founded. 

In the Kingaite Peninsula, the comparative 
morphology of the coast and the hinterland 
shows that the higher coastal mountains were 
above the ice for a long time during the Wis- 
consin. A section of the coast a short distance 
southeast of Cape Lawrence (PI. 2, fig. 1) shows 
the contrast between the plateau surface with 
evident signs of ice-sheet erosion, and the 
coastal mountains which have been subjected to 
very different processes. Precipitous gullied 
valley sides, flat hilltops thickly covered with 
stones, and, in places, fretted upland topog- 
raphy with unmodified cirques point to a com- 
bination of alpine glaciation and subaerial 
erosion over a long period. The valley walls 
have undergone more subaerial erosion in their 
coastal sections than further inland. The gullies 
are typical of the weathering of steep bare 
slopes. The lithology and structure of the valley 
walls are the same throughout, so that the 
absence of gullies in the upper parts of the 
valleys indicates that these were ice-covered. 
The intermediate zone of incipient gullying 
indicates two stages in the withdrawal of the 
ice. Apparently ice flowed from the plateau 
over the heads of the valleys for a considerable 
period. Lower down, the glacier tongues oc- 
cupied the present fiords and valleys bottoms, 
leaving the walls bare. No lateral moraines 
were seen in the valleys, but, if the firn line 
was at sea level, probably none would have been 
formed (Dahl, 1946, p. 228). Furthermore, the 
subsequent marine transgression would have 
removed much loose material from the valley 
sides. 

These conditions would account for the un- 
disturbed stony covering of the erosion-surface 
remnants above the gullied walls, which would 
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have had no moving ice upon them. They may} 


have had a protective capping of immobile ice, 
such as is found today in similar positions jp 


the Cumberland Peninsula, 250 miles to the} 
north. Here also, in places recently bared by F 
the shrinkage of an immobile ice capping, the 


surface has a stony covering (H. R. Thompson, 
Personal communication). The plateau rem. 
nants may have remained largely ice free, how- 
ever, for in the Antarctic, Wright and Priestley 
(1922, p. 176) reported that many mountains 
fringing the continental ice in the Ross Sea 
sector were fairly free of snow, showing that 
locally, at least, ablation on a rock surface ex- 
ceeded precipitation. Under these conditions, 
the agents of ablation were solar radiation and 
wind. In Baffin Island, without the present 
summer conditions of frequent fogs and much 
frontal cloud, solar radiation must have been 
more effective during the Wisconsin age than 
it is today. 

There has been wide disagreement about the 
time necessary for the formation of a felser- 
meere. Odell (1938, p. 204) believed the Torngat 
felsenmeere could have formed rapidly; Cole- 
man (1941, p. 117) considered that it must have 
taken thousands of years to form; Linton (1949, 
p. 30) believed that similar features in the 
Lofoten Islands and northern Norway must 
be at least interglacial and possibly preglacial. 
Dahl (1947, p. 235) noted that above 1700 min 
central Norway felsenmeere are abundant, 
whereas below 1700 m only single blocks are 
weathered out. If the felsenmeere are post- 
glacial, he declared, frost action must be of 
very different nature above 1700 m than below 
it. In the Kingaite Peninsula the very restricted 
occurrence of felsenmeere indicates that it is 
of great age. It occurs only on the coastal 
plateau remnants which stand slightly above 
the level of the main plateau surface. The re- 
mainder of the high plateau has much frost- 
shattered rock, but nothing approaching a com- 
plete debris covering. This shows clearly from 
the air (PI. 2, fig. 1). It is reasonable to conclude 
that the coastal belt has been free from moving 
ice much longer than the inland plateau and the 
valleys leading down to the fiords. Since the 
valleys became ice-free, sufficient time has 
passed for the sea level to fall at least 530 feet, 
and for the streams at the heads of many of 
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them to cut deep gorges. Furthermore, the bay- 
head delta at the head of York Sound extending 
from 210 to 120 feet above sea level was formed 
while only a fraction of this change of level 
was taking place. Therefore the time since the 
fiord-head valleys became deglaciated probably 
must be measured in thousands of years, in which 
case the coastal strip has been ice-free for at 
least tens of thousands of years. This shows 
that the felsenmeeres are not post-glacial in 
origin, and that the coastal strip southeast of 
Cape Lawrence was not covered by moving ice 
during the Wisconsin age. It is difficult to know 
whether the felsenmeeres are interglacial and 
were protected during the Wisconsin by stag- 
nant ice or whether they were formed on ice- 
free terrain during the Wisconsin. 

The sea level cirques and the intensely 
weathered cliffs extending almost down to sea 
level at the mouths of the fiords indicate that 
during much of the Wisconsin age the land 
stood at least as high relative to the sea as it 
does today. This implies that the ice in the area 
was not very thick. Precipitation was so slight 
that a locally generated icecap could not have 
buried the escarpment. The main Laurentide 
Ice Sheet was starved in its northern parts, and 
ice would have flowed sluggishly northward 
from the Quebec-Labrador Peninsula. It would 
not have overwhelmed the 3000-foot high 
Kingaite Peninsula since it could flow eastward 
along Hudson Strait, which averages 1000 feet 
in depth (Cooke, 1930, p. 71). 

When equilibrium between snowfall and out- 
flow of ice on the Kingaite Peninsula had been 
reached, a long period of comparative stability 
probably followed. Whatever occurred at the 
southern margin of the Laurentide Ice Sheet, 
precipitation and ablation in southern Baffin 
Island must have been very small while the 
main ice sheet existed. 


Late Wisconsin Time 


The latter part of the Wisconsin age in middle 
latitudes was a time of rising temperatures and 
general deglaciation. It is unlikely, however, 
that deglaciation of southern Baffin Island 
progressed far until very late Wisconsin time, 
since the decaying Laurentide Ice Sheet to the 
south and southwest would have kept the 


summers cool. When this ice sheet had shrunk 
to about half its maximum extent, it covered the 
Hudson Bay region and most of Quebec and 
Labrador, according to Flint (1947, p. 244). 
As the Hudson Bay ice decreased, more nourish- 
ment came to the Quebec ice on its high plat- 
form. Hence the Quebec ice may have increased 
despite the general shrinkage. 

Ice in the Hudson Strait area may have in- 
creased also in late Wisconsin time for the same 
reason; otherwise it is hard to account for the 
great depression of the land shown by the 
highest strand lines of Frobisher Bay. The 
partly submerged cirques show that sea level 
during much of Wisconsin time was lower than 
it is today. In late Wisconsin time the land 
was greatly depressed, and when the sea was 
more than 1400 feet above its present level 
deglaciation of the Kingaite Peninsula had 
already begun. It is not certain that these 
changes of level were isostatic, but the fact 
that the sea level has now returned approx- 
imately to the level it held during much of 
Wisconsin time suggests that no independent 
earth movements were responsible. It is hard 
to account for so large a depression of the earth’s 
crust if the ice on the peninsula was not thick 
enough to bury the coastal mountains. If the 
ice stretched southwestward from near the 
crest of these’ mountains, however, it would 
have been about 4000 feet thick in the center 
of Hudson Strait if the surface was level and 
7000 feet thick if there was an average slope 
of 1° (Fig. 4b). A. L. Washburn (1947, p. 55) 
estimates the amount of downwarping at about 
two-sevenths of the thickness of the ice causing 
it, so that 5000 feet of ice could cause 1400 feet 
of downwarping directly beneath it. How much 
ice would be necessary to cause 1400 feet of 
downwarping 100 miles away is not known, and 
the problem is further complicated by the fact 
that the 1425-foot strand line is on land that 
was formerly ice-covered, showing that the ice 
cover of the Kingaite Peninsula had already 
decreased considerably when the sea level was 
1400 feet. The response of the crust probably 
lags about 2000 years behind the unloading 
(Flint, 1953, p. 916), so that the 1425-foot 
strand line may have been caused by the 
Hudson Strait ice at its maximum (Fig. 4b). 
Explaining the highest strand lines of Frobisher 
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Bay by postulating a great increase in the 
Hudson Strait ice in later Wisconsin time is, 
however, only a hypothesis based on indirect 
evidence. 

The sea level fell intermittently from its 
greatest height and strand lines at lower alti- 
tudes were formed. When the sea stood at 640 
feet, a shingle strand line was formed above the 
York Valley, showing that gorge cutting had 
not yet begun. When the sea level had fallen 
to about 360 feet (the height of the highest 
boulder terrace at the head of the valley) ex- 
cavation of the York Valley gorges began. 
At 270 feet another boulder terrace points to 
similar conditions of moderate gorge cutting. 
Below this, starting at 210 feet at the head of 
the plain and falling to 120 feet at the present 
shore line 5 miles distant, is the alluvial expanse 
of the York Valley, formed during a period of 
rapid gorge cutting. 

In the Platen Peninsula of North East Land, 
Glen (1941, p. 74) found similar though smaller 
gorges occupied by underfit streams, and con- 
cluded that they were excavated during a period 
of excessive summer ablation preceding the 
present conditions of approximate balance. 
In southern Baflin Island there is some evi- 
dence that temperatures have been higher and 
glacier ice more abundant than today (see 
below), but runoff was not much greater when 
the sea level was 140 to 210 feet above today’s 
level. This is shown by the engorged steam 
that has cut through the strand lines at the 
head of Delano Bay (PI. 4, fig. 3). Had the 
runoff been much greater than it is today, the 
stream would have removed more material 
than it has. The present drainage basins of the 
York Valley rivers therefore could not have 
provided the increased volume of water neces- 
sary to excavate the gorges. These gorges and 
the expanse of alluvium between them and the 
sea indicate that a much greater river once 
flowed into York Sound. 

The water that once flowed down the gorges 
into Frobisher Bay now probably flows into 
Hudson Strait. The southern gorge has a large 
lake at its head (Fig. 3; Pl. 3, fig. 3). The water- 
shed, however, lies in the gorge a short distance 
from the lake, whose overflow now runs into 
Hudson Strait. The gorge could not have been 
formed when the watershed was in this position; 
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the overflow from the lake must have flowed 
down it. The present overflow stream is not 
much incised, so that the lake level was not 
lowered in this manner. There must have been 
an ice-dammed lake or lakes at the heads of 
these gorges at the time of their formation, 
The dam may have been an icecap of small 
area, similar to the Barnes Icecap in northern 
Baffin Island, but this is unlikely. The Barnes 
Icecap is on comparatively low ground west of 
the main watershed of the island, and along 
its eastern edge are many ice-dammed lakes, 
all spilling eastward (Baird, 1952, p. 3). In the 
Kingaite Peninsula, however, the head of the 
southern gorge is so close to Hudson Strait 
that an icecap of this type would have had to 
be very small. The ice may have been the 
northern margin of an ice sheet centered the 
other side of Hudson Strait in the Quebec- 
Labrador Peninsula. 

The surface of the country between the heads 
of the gorges and the coast appears from air 
photographs to have a considerable cover of 
material, either alluvium or ground moraine, 
and in places the bedrock is hidden by what 
looks like hummocky moraine. There are also 
features which may be structural or may be 
shore line terraces or moraines; without exam- 
ination on the ground it is impossible to know. 

The excavation of the material now filling 
the York Valley began when the sea level was 
at 210 feet. Great quantities of boulders were 
delivered by the rivers until the sea level had 
fallen to about 180 feet. The plain below this 
level has a surface of shingle with scattered 
boulders, grading to sand near the present 
shore. This part of the delta was probably 
formed below sea level. After the sea had fallen 
to about 180 feet gorge cutting stopped, for 
no more boulders were deposited. This implies 
that the ice-dammed lake or lakes at the 
heads of the gorges no longer existed. 


RECENT CHANGES IN THE IcE COVER 


Conditions differ greatly on the coastal and 
inland sides of the icecaps. The coastal glaciers 
have retreated slightly from a recent maximum 
extension that elevated strand lines and the 
scarcity of old moraines show was the greatest 
for a long time. One of the Terra Nivea outlet 
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RECENT CHANGES IN THE ICE COVER 


glaciers is retreating from a recent advance 
into an elevated strand line at 90 feet, with 
strand lines up to 175 feet near by. A strand 
line at 640 feet occurs within 3 miles of the 
icecap, and deposits, probably marine, are 
found up to 1200 feet. On the western side of 
the Grinnell Icecap are found the last stages 
of a dying glaciation. The margin of the icecap 
is at about 1800 feet. Inland, the land rises 
again in a series of low ridges to about 2300 
feet, and in the hollows of this terrain are 
several small masses of glacier ice, one of which 
is in contact with the icecap (PI. 2, fig. 3). They 
have no accumulation areas and are thus dead 
ice, although they are above the level of the 
equilibrium line on the icecap. In the Platen 
Peninsula of North East Land, Glen (1941, 
p. 74) found similar ice bodies which he con- 
cluded were the relics of a much more exten- 
sive icecap. 

Since the sluggish or motionless ice on the 
plateau could not have adjusted to changing 
climatic conditions more rapidly than the steep, 
relatively fast-moving outlet glaciers, the 
shrinkage of the plateau ice cannot have been 
caused by the recent slight amelioration. This 
shrinkage is evidence of an earlier warmer 
period, during which a climatically dead icecap 
wasted away on the plateau while the coastal 
outlet glaciers were small or nonexistent. At the 
end of the warm period, only the larger rem- 
nants of the icecap on the higher parts of the 
plateau were able to re-establish themselves, 
and became the Grinnell and Terra Nivea Ice- 
caps. Smaller bodies of ice continued to waste 
away, more slowly than before, although they 
were above the level of the equilibrium line on 
the icecap. It is therefore probable that if the 
iceaps did not exist today they would not re- 
form. Judging by the size of the dead ice masses 
and the relief of the country, the warmer period 
causing their isolation must have been hundreds 
rather than thousands of years ago and was 
therefore not contemporaneous with the Ther- 
mal Maximum of lower latitudes. 


SuMMARY OF THE PuysiocRaPHic History 


The Kingaite Peninsula is a tilted peneplane 
that was elevated, probably in the Pliocene, 
resulting in an escarpment along Frobisher 
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Bay. In each glacial age, the sequence of events 
was similar. The northwestern part of the es- 
carpment was buried by an ice sheet before 
cirques could form; in the southeast cirque 
erosion advanced to maturity. In the Wisconsin 
age, the southeastern part of the escarpment 
remained above the ice, and there is no evidence 
that in the earlier glacial ages it was otherwise. 

In the late Wisconsin, the peninsula was 
greatly depressed, possibly because of a great 
increase in ice thickness in the Hudson Strait 
area. The sea was at one time at least 1425 feet 
above its present level. It fell intermittently, 
resulting in the formation of raised strand lines. 
When it was between 210 and 180 feet an ice- 
dammed lake drained through the divide from 
the west. The ice damming this lake may have 
been centered in the Quebec-Labrador Penin- 
sula. 

The sea has remained at its present level 
longer than it remained at higher levels. 

The present icecaps and glaciers are retreat- 
ing slightly from a recent maximum extension 
on their seaward sides. Preceding this extension, 
there was a period of unknown duration when 
temperatures were higher than today and the 
climatically dead icecaps extended farther 
inland. 
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QUANTITATIVE SLOPE ANALYSIS 
By Artuur N. STRAHLER 


ABSTRACT 


Statistics describing ground surface slope have geomorphic, hydrologic, engineering, 
and military applications, because slope steepness influences rates of runoff, soil creep, 
and soil flowage and the ease of cross-country movement of men and vehicles. Slope maps 
can be drawn to show the areal distribution of (1) degree of slope and (2) magnitude of the 
downslope component of gravitational acceleration. The first uses lines of equal slope 
tangent (isotangents) and is therefore a form of first-derivative map. Isotangents are 
drawn from a large number of slope readings determined from a large-scale contour map 
or by field measurement with surveying instruments. Planimeter measurement of areas 
between successive isotangents yields a percentage-frequency distribution from which 
slope-tangent mean, variance, and standard deviation are computed as population 
parameters. 

The second type of map uses lines of equal sine of slope (isosines) and shows the dis- 
tribution of the downslope component of gravitational acceleration, which determines the 
intensity of shear stresses acting upon soil, surface water, and any surface objects. Meas- 
urement of areas between successive isosines yields a frequency distribution from which 
sine mean, variance, and standard deviation are computed as population parameters. 

Isotangent and isosine maps were drawn and associated frequency distributions com- 
puted for drainage basins in three areas unlike in size and stage of erosional development: 
(1) a small, youthful basin in weak clays of badlands at Perth Amboy, New Jersey; (2) 
two mature basins strongly controlled by massive sandstones of the Catskill plateau; 
(3) two basins with smooth slopes in the vicinity of Emporium, Pennsylvania, where 
Carboniferous strata are maturely dissected. Frequency distribution of sine of slope is 
strongly skewed and has a high mean in the Perth Amboy locality because of immaturity 
of stage of basin development. It is bimodal in the Catskill locality, where structural 
benching is pronounced, but is smoothly symmetrical with almost normal form in the 
Emporium locality, which may be representative of typical mature erosional topography 
developed on a homogeneous rock mass. 

Because of time and labor needed to prepare slope maps and measure frequency dis- 
tributions by planimeter, two methods of rapid point sampling of slope were tested for 
reliability: (1) location of sampling points by drawing random pairs of rectangular co- 
ordinates; (2) use of sampling points uniformly spaced on a rectangular grid. A test area 
of about 1 square mile was selected near the center of the Emporium, Pennsylvania, 
topographic quadrangle. Population parameters of tangent of slope were computed by 
planimeter measurements of a detailed isotangent map of the test square. Samples of 100 
points each were then taken directly from the topographic map of the test square by 
both random co-ordinate and grid methods and compared with the slope population. In 
tests using the statistic x?/d.f. and the statistic z the hypotheses that random co-ordinate 
sample and population variances are equal and that sample and population means are 
equal were accepted at the 5 per cent Jevel. Confidence limits based on population variance 
were determined for distribution of means for samples of various sizes. A chi-square test 
of goodness of fit required acceptance of the hypothesis that random-coordinate sample 
distribution is similar to the population distribution. 

Operator variance was tested by means of a t-test of paired differences in tangent 
values read by two operators at the same points. A low mean of differences, not sig- 
nificantly different from zero, established that variations introduced by operator judg- 
ment are small compared with natural slope differences. It is concluded that the random- 
coordinate method of point sampling can be applied to determine slope mean, variance, 
standard deviation, and general form of slope distribution within predictable small 
limits. 
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INTRODUCTION 


In one usage slope means an actual unit of 
ground surface. All landforms consist of assem- 
blages of such slope elements. In a second sense, 
intended throughout the present paper, slope 
is the property of inclination of the ground 
surface or of a profile line from the horizontal— 
i.e. an angular measure, or dip. Commonly these 


meanings are combined in expressions such as 
“steep slopes” or “gentle slopes”, where the 
actual land surface and its orientation in space 
are referred to simultaneously. 

Voluminous as is the literature on evolution 
of slope forms under the action of geologic 
processes upon various structures, it is only in 
recent years that attempts have been made to 
express slope properties in quantitative terms. 


Inevitably, geomorphology must become a 
modern analytical science in which both the 
empirical data measured directly from the 
natural phenomena and the rational principles 
deduced by reflection and intuition have quanti- 
tative, or mathematical expression. Each 
geometric property of a landscape must be 
viewed as a function of a combination of con- 
trolling variables. To quantify such relation- 
ships both the geometrical forms and the con- 
trolling forces must be reduced to quantitative 
terms. 

The present paper is concerned with the 
technique of measurement of only one of many 
form elements comprising the total landform 
geometry: the property of slope. The problem 
is to quantify the slope properties of a complex 
land surface taken in its entirety instead of 
measuring slope at one point on the surface, 
or along a single profile line. Two means of 
analysis of surface slope are available. One, the 
geographical, shows by a suitable map the 
distribution in plan of the degree of slope. The 
other is a statistical treatment in which the 
relative frequencies of occurrence of slopes of 
given magnitudes, or classes of magnitudes, are 
determined for an entire tract of ground, or 
estimated by means of a small rapidly measured 
sample. Both treatments have distinctive uses, 
and the second can be derived from the first, 
but by means of mathematical statistics the 
frequency-distribution treatment provides the 
more flexible and widely applicable form of 
slope analysis for scientific inference and 
verification of hypotheses. 
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made helpful suggestions concerning sampling 
methods are Professor William C. Krumbein of 
Northwestern University, Dr. Felix Chayes of 
the Geophysical Laboratory, Professor John C. 
Griffiths of Pennsylvania State University, 
Dr. Paul E. Potter of the Illinois Geological 
Survey, and Dr. Churchill Eisenhart of the 
National Bureau of Standards. Professor 
William G. Madow of the Department of 
Mathematics of the University of [Illinois 
called attention to certain pitfalls connected 
with grid sampling. Although the statistical 
treatment was greatly facilitated and improved 
through the advice and criticism of these men 
they are in no way responsible for such mistakes 
and misconceptions as may be in the text. 
Graduate students of the Geology Depart- 
ment of Columbia University who assisted 
greatly with the slope measurement and statis- 
tical computation are John P. Crawford, 
George F. Collins, and Marie E. Morisawa. 


Store Maps 
Previous Mapping Methods 


Maps which depict the steepness of slope 
over an entire ground surface have previously 
been prepared on a small scale to show broad 
classes of slope values. Raisz and Henry (1937) 
prepared an average-slope map of New England 
using six classes of average slopes ranging from 
50 feet per mile to 500 feet or more per mile. 
Determinations were based on contour density. 
Calef and Newcomb (1953) prepared an 
average-slope map of Illinois using four classes: 
less than 1%, 1-5%, 5-9%, and over 9%. 
Average slopes were determined by counting 
contour crossings along various intersecting 
lines and calculating average slope by means 
of the Wentworth equation (1930). These maps 
have been used chiefly in making qualitative 
generalizations about the relation of average 
slope to land usage and to other geographical 
elements. 
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Slope Envelopes and Slope Segments 


If quantitative slope analysis is to increase 
understanding of the geometry and formative 
processes of individual landform types, sur- 
face-slope conditions must be mapped on a 
large scale. Slope measurements must be made 
on unit lengths of line or unit areas of ground 
surface which are small fractional parts of the 
linear or areal dimensions of individual land- 
forms. In this way we can avoid the use of a 
generalized line or surface applied as an en- 
velope over essential elements of the landscape. 
Carried to an opposite extreme, the scale of 
slope mapping could be enlarged to depict 
microrelief features of the soil surface or of rock 
outcroppings. Such minutiae, produced by 
chance variations in soil-forming and weather- 
ing processes, would be best excluded where 
interest centers on the form of an entire hillside 
or drainage basin. 

In the present study the surface envelope is 
imagined to pass smoothly over microirregulari- 
ties. To quantify this statement is difficult 
because no rigorous rules have been set up to 
govern map and field measurements. In prac- 
tice, on a slope which extends continuously 
from drainage divide to the nearest stream 
channel over a length of 500 to 2000 feet and 
through a vertical descent of 250 to 750 feet, 
surface irregularities on the order of 5 feet 
amplitude and 20 feet wave length have been 
disregarded (Fig. 1). Valley walls of the above 
dimensions are characteristic of parts of the 
Appalachian Plateau in north-central Penn- 
sylvania, where many hillsides are covered 
with soil pits, 10 to 15 feet across, each rimmed 
on the downslope side by a soil mound or 
ridge, giving a microrelief of 2 to 5 feet. By 
measuring the ground slope along a straight 
100-foot line orthogonal to the contour—by 
hand-level sight in the field or by a short line 
drawn on the topographic contour map—the 
soil pits and mounds are disregarded. The 
100-foot segment of sight line represents only a 
fraction (16 to 449) of the length of the slope 
profile and therefore reflects characteristic con- 
vexities and concavities of valley-side slopes. 

In badlands, slopes may be no more than 
10, 20, or 30 feet long from a divide to the 
nearest channel. Here the micro-relief is formed 
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by individual clay nodules or pebbles and by 
thin beds of more resistant material. A board 
20 to 30 inches long laid on the slope forms a 
satisfactory envelope to mask these irregulari- 
ties and gives slope segments short enough to 
reflect the curvature of the entire slope profile. 
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FicurE 1.—SuBDIVISION OF SLOPE PROFILE INTO 
SHort LINE SEGMENTS 


Use of Topographic Maps and Choice of 
Localities 


When slope is read from a contour map the 
problem is further complicated by the degree 
of generalization introduced by mapping. 
Where individual landforms are small in rela- 
tion to the contour interval, countless surface 
inflections are not mapped, and the map be- 
comes a uselessly generalized envelope. Where 
map scale is small and landform elements are 
small, plan of the contours is oversimplified and 
becomes generalized. The writer has discussed 
suitability of U. S. Geological Survey and Army 
Map Service topographic maps for direct slope 
measurement (Strahler, 1950, p. 679, 690- 
692). It is concluded that only modern maps on 
scales of 1:24,000 or 1:25,000 or larger, made 
by photogrammetric methods, can be safely 
used for direct measurement of slope, and only 
where slopes are long and relief is strong, so 
that a large number of contours is intercepted 
by a single valley side. 

In the three examples of slope mapping used 
below, the first map is taken from badlands at 
Perth Amboy, New Jersey, where a special 
large-scale map was surveyed in the field with 
plane table and alidade by the writer and 
Donald R. Coates (Fig. 7). In the second and 
third areas, (the Catskill Mountains and 
Appalachian Plateau of north-central Penn- 
sylvania), Army Map Service and U. S. Geo- 
logical Survey topographic maps on the scale 
of 1:25,000 and 1:24,000 were used. Both 
areas have strong relief and long slopes (Figs. 
12, 15). Field use of both map series in these 
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areas showed that minor details of topography 
are faithfully shown. A statistical test (Strahler, 
1950, p. 690-692) between field and map slope 
samples in a near-by quadrangle in the Cats- 
kills had previously shown no significant 
difference in sample means or variances. 
Interest was also centered upon the dis- 
tribution of slope within a normal drainage 
basin. The example chosen from the Perth 
Amboy locality represents a youthful, or in- 
equilibrium, stage of basin development in 
which great contrast of slope steepness exists 
between lower and upper parts of the basin 
(Fig. 7). In the Catskill locality two simple, 
pear-shaped drainage basins of low stream 
order were selected (Fig. 12). It was anticipated 
that the influence of structural benching on 
slope distribution would be evident. In the 
Emporium locality of north-central Pennsyl- 
vania slopes are exceptionally smooth, and the 
topography might be taken to represent the 
mature, or equilibrium, stage of development 
with little or no structural modification (Fig. 
15). Here two adjoining similar drainage basins 
of third order of magnitude were selected and 
an additional area included to form a square 
superimposed over the two basins. 


Technique of Slope Estimation 


After an area is selected the map is photo- 
statically enlarged two or more times. En- 
largement permits the subsequent steps to be 
carried out with less eye strain and facilitates 
planimeter measurements; it does not change 
available information on slope configuration. 
The map scale is then recomputed to make 
certain no distortions have been made. On a 
tracing paper overlay the amount of slope is 
then determined for a large number of points 
over the contour map and these quantities in- 
scribed directly on the tracing paper (Fig. 2, 
step 2). Slope determination is made with the 
aid of a pair of dividers whose points are set 
to a fixed opening, equivalent to a specified 
horizontal ground distance (Fig. 3, distance 
ab). At a particular point, P, where slope is to 
be determined, the divider points are set down 
on the map to lie on a line orthogonal to the 
contour passing through the point and with 
approximately equal distances falling upslope 


and downslope from the point (Fig. 3). The 
drop in elevation is then estimated by counting 
the contour intervals intercepted and adding 
proportionate parts of incomplete intervals. 


(1) Topographic contour map. 
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Map AND SLOPE FREQUENCY 
DIsTRIBUTION HIsTOGRAM 


Ficure 3.—MEASUREMENT OF SLOPE AT A POINT 
on TopoGRAPHICc Map 


Slope of the line is first calculated as the tangent 
of the angle of slope, angle 8, where tan 8 = 
V/H. If the map is to show the tangent func- 
tion, these tangent values are inscribed on the 
map, beside their respective points (Fig. 2, 
step 2). If the map is to show sine of slope 
angle, tangent values are converted into sines 
from trigonometric tables and the sine values 
inscribed. 

The same procedure can be carried out in the 
field. When a particular point on the ground is 
selected, a line orthogonal to the contour 
is formed by two persons holding a tape measure 
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between them. One person sights to the partner 
with an Abney hand level, on which slope can 
be read directly as a tangent (per cent scale). 
The only assurance one has that the line is a 
true downslope, or orthogonal, line comes from 
trying out alternate positions. The sight line 
of maximum slope is chosen. On steep, smooth 
slopes pebbles can be rolled down to determine 
the best line. The field method of slope de- 
termination has been used by Strahler (1950, 
p. 677-679) in sampling maximum valley-side 
slopes but was not used in the present slope- 
mapping study. 

On the Perth Amboy map the divider points 
were set to 2 feet, on the Catskill map to 300 
feet, on the Emporium, Pennsylvania, map to 
100 feet. These distances represent a small 
part of the total length of a line from divide to 
adjacent channel and usually include only a 
few contours. A serious difficulty arises in 
estimating slope where the surface has low 
inclination and is convex or concave, as on 
broadly rounded divides or in valley floors. 
Wide spacing of contours in such places makes 
estimation of vertical drop highly uncertain. 
Such problems are few in the selected areas, 
which have high relief and steep slopes, but the 
method might prove inapplicable to areas of 
low relief or large contour interval. In such cases 
direct field mapping is required. 

Selection of points at which to take slope 
readings is governed by the same considerations 
as topographical mapping with plane table and 
alidade. Use of a grid to obtain equidistant 
spacing of points is not so efficient as selection 
of those points where the quality being con- 
toured is changing. Thus the topographer 
places his rod stations on ridge lines, drainage 
lines, and wherever the slope changes con- 
spicuously in steepness or azimuth. Similarly, 
by moving the dividers over the contours one 
can easily see where contour parallelism exists 
and where contour spacing changes. Where 
slope changes, points are concentrated to limit 
the position of the new slope lines. As in topo- 
graphic mapping, the number of points deter- 
mined per unit area depends on the detail 
desired and is limited by the space on which 
numbers can be written legibly. On the Perth 
Amboy slope maps, about 300 points were 
used in contouring and on the Emporium, 
Pennsylvania, map about 2500. 
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Isotangent and Isosine Maps 


The next step is the drawing of a new system 
of contours to depict those lines on which 
slope angle is constant (Fig. 2, step 3). Two 
trigonometric functions of the slope angle 
have been used: tangent and sine. Where tangent 


FicuRE 4.—THEOREM OF MEAN VALUE APPLIED 
TO SLOPE MEASUREMENT 


of the angle of slope is contoured there results 
an isoclinal or isotangent map (Fig. 2, step 2; 
Figs. 8, 18). Because the tangent of the slope 
angle is the ratio of vertical to horizontal dis- 
tance, it is identical with the first derivative of 
that function which relates vertical to hori- 
zontal distance and defines the slope profile 
line (Fig. 4). The theorem of mean value of the 
calculus tells us that if points @ and b on the 
curve of a continuous function y = f(x) relating 
y and x are connected by a straight line ab, 
whose slope is Ay/Ax, then there will be at 
least one point, P, on the curve between a and 
b whose slope, dy/dx, is identical to the slope 
of the straight line ab. In determining ground 
slope with the dividers on the map, or with 
hand level and tape in the field, we have applied 
the theorem of mean value. We assume that, 
if the slope profile has a uniform curvature, 
the point P lies midway along the line ab. 
Consequently the isotangent map may also be 
termed a first-derivative map, depicting the 
value of the first derivative of the slope function 
over the entire ground surface. We might de- 
scribe this map as a rate-of-change map. Be- 
cause engineers treat slope in terms of per cent 
of grade, which is identical with the tangent 
of the slope angle, the isotangent map can be 
applied to civil engineering problems. 

The sine function may also be used for slope 
maps. Examples are isosinal maps (Figs. 9 
13). The sine of the angle of slope has an im- 
portant connotation in dynamics of slope-form- 
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ing processes. Consider a particle of soil or rock 
on the slope at point P, in Figure 5. The force 
of gravity, Fy, tending to draw the particle 
vertically downward, is equal to the mass of 
the particle, m, times the acceleration of 
gravity, g, and is represented as a force vector 


y 


FicurE 5.—RELATION OF Down SLOPE SHEAR 
Force TO Force oF GRAVITY 


by a vertical arrow of unit length. This force 
may be resolved into two components normal 
to one another: a force, F,, acting downslope 
parallel with the surface, and another, Fp, 
normal to the slope. The force F, tends to 
move the particle along the slope, i.e., to 
produce shear between the particle and the 
surface upon which it rests. This force is also 
designated as 7 in conventional mechanical 
analysis. The force F,, which tends to hold the 
particle to the slope and has a directly propor- 
tionate effect upon friction of the particle with 
the surface, is also designated as o. There may 
be forces of cohesion not related to the gravita- 
tion field, but we are not concerned with them 
here. From the geometry of angles, and the 
trigonometric relations, it is evident that the 
angle 6B of the ground surface is equal to the 
angle @, and that 


sin = F,/F, 
or F, = F, sin ¢ = Fy sin B. 


Thus the sine of angle of ground slope repre- 
sents that part of the total gravitational force 
which tends to produce downhill sliding or 
flowage of rock particles or fluids on the surface. 


Where gravitational force is considered for a 
unit mass the downslope force is equal to g 
sin 6. Our slope map, consisting of lines of 
equal sine of slope angle, tells the distribution 
of the part of gravitational acceleration, g, con- 
tributing to the downslope force at any given 
point on the surface. We may, therefore, also 
designate the isosinal map as a “g map’”’. 


Practical Uses of Slope Maps 


Where viscous fluids or plastic solids flow 
downslope the isosinal map may supply the 
relative value of the shearing force to which the 
rate of shear is directly proportional. In the 
case of the plastic solids following Bingham’s 
Law (Strahler, 1952a, p. 926) 
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du/dy = 


where du/dy is rate of shear (rate of change of 
velocity u, with respect to depth y), F, is shear- 
ing force, f is Bingham’s yield stress, and 7 is 
consistency of the plastic solid (analogous to 
viscosity in a fluid), the critical value, f, might 
be shown by an isosinal line on the map, and 
values in excess of f by special shading of areas 
of greater sine of slope. Such a map might 
indicate the portions of slope on which soil 
flowage could be expected when consistency of 
the plastic solid attained a certain value de- 
pendent upon soil moisture content. 

It is possible to delineate on a slope map any 
area whose slope lies above or below a critical 
value, or between two critical values. In mili- 
tary science, the critical value might refer to 
the maximum slope a vehicle or foot soldier 
can climb. The critical value would depend 
on vegetative and soil properties and would 
fluctuate with soil-moisture changes. Neverthe- 
less, the critical slope value could be applied 
to the slope map and the extent and shapes of 
impassable areas marked out. 

In soil erosion and _ sediment-production 
studies the slope maps could show those areas 
of steep slope on which accelerated soil erosion 
takes place and from which the principal sedi- 
ment yield of the drainage basin is obtained. 
In planning land management to reduce erosion 
to a practical minimum the slope map provides 
the base for designating areas to be used for 
specific types of cultivation or permanent cover. 
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Appearance of Slope Maps 


Isotangent and isosinal maps differ only 
slightly in appearance from one another, but 
seem strange to one accustomed to dealing only 
with conventional topographical contour maps. 
Setting aside all preconceived mental images of 
the actual surface form of a drainage basin and 
considering only the abstract surface depicted 
by isotangents and isosines, the most striking 
feature is a crescentic trough or depression co- 
inciding with the drainage divide. The bottom 
points of the depression coincide with topo- 
graphic peaks or saddles of zero slope. Nesting 
within the arc of the trough is an arcuate zone 
of steep ground slopes which takes the form 
of a positive belt or ridge on the slope map. An 
example is seen in the head of Si Meade Hollow 
(Fig. 13). From this region to the center of 
the drainage basin slope contours are widely 
spaced and often aimless in the azimuths of 
their broad curves. Shallow, equidimensional 
depressions of the slope surface are char- 
acteristic (Fig. 18), indicating that the central 
part of the basin is a region of long, smooth 
slopes. In most small basins the axial drainage 
channel is difficult to locate. If the stream oc- 
cupies a narrow channel between smooth 
valley sides of equal slope, the channel is only 
a thin line across which the isotangents and 
isosines pass without deviation, because these 
forms of contours do not register azimuthal 
orientation of a surface and therefore take no 
account of a dihedral angle formed by two 
planes of equal slope. Where the valley sides 
are of unequal slope, one or more isotangents or 
isosines will run along the channel (Fig. 13, 
near the words “Turk Hollow’). 


FREQUENCY DISTRIBUTION OF SLOPE 
Planimeter Measurement of Areas 


Slope maps also provide information on slope 
distribution over an entire area. Frequency 
distribution of slope is the proportion of the 
total surface falling within each class of slope 
into which the total angular range of slope can 
be subdivided. To obtain the frequency dis- 
tribution from an isotangent or isosine map, the 
polar planimeter is used to measure areas be- 
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tween successive isotangents or isosines (Fig. 2, 
step 4). Within one drainage basin there may 
be as many as 10 or 20 discrete areas belonging 
to the same slope class. Each is measured, and 
the areas summed to give the total surface 
area within that class. The planimeter operation 
is tedious, especially for a complex map such as 
that of the Emporium, Pennsylvania, area 
(Fig. 18). To avoid errors of omission or repeti- 
tion, a tracing sheet is overlaid on the map, 
and each area colored when it is measured. A 
color code system and serial number on each 
area makes possible its recovery and remeas- 
urement. The sum of the small parts should 
equal the entire area. Agreement to within 1 
per cent is acceptable for complex maps with 
many extremely narrow strips between closely 
spaced isotangents, but may be within 0.2 
per cent for simple maps. 


Frequency Distribution Histogram and Statistical 
Parameters 


Areas read with planimeter are in con- 
ventional units of measure, such as square 
inches or square centimeters. These can be 
reduced to map-scale units, but for comparative 
statistical operations the planimeter totals 
should be reduced directly to per cent of total 
area. Percentage frequency is thus dimension- 
less and forms a basis for comparisons of dis- 
tributions among areas of different size. A 
frequency-distribution histogram can be drawn 
for visual appraisal of the slope properties of 
the entire map area (Fig. 2, step 5). Class limits 
coincide with the values of isotangent or iso- 
sinal lines. 

The mean, variance, and standard deviation 
(Dixon and Massey, 1951, p. 20-22) of the 
distribution can be computed, although there 
is no body of individual variates, or raw data. 
For reasons stated in a later section, the sym- 
bols for population parameters, and ¢ 
are assigned to the mean, variance, and stand- 
ard deviation respectively, rather than the 
corresponding sample statistics: x, s*, and s. In 
calculating variance and standard deviation 
the sum of the squared deviations is divided 
by 100, representing N, the total number of 
variates, rather than by NV — 1. 
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Correction of Observed Areas for Slope of Surface 


The frequency distribution of surface slope 
as calculated from the isotangent and isosine 
maps by planimeter measurement treats the 
ground surface as a plane. By projection of an 
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FicurRE 6.—RELATION OF TRUE SLOPE AREAS TO 
PROJECTED SLOPE AREAS 


undulating surface to a plane the true surface 
areas are altered so that steeply sloping sur- 
faces are reduced in area. Figure 6a shows a 
90-degree portion of a cylinder projected upon 
a horizontal plane. Although the areas on the 
cylindrical surface are equal, they are reduced 
in projected area in direct relation to the steep- 
ness of slope. Cliff surfaces would be reduced to 
almost nothing; areas in gentle slope would be 
greater. Figure 6b shows that for a plane sloping 
surface the true surface area will be equal to 
the projected surface area divided by the cosine 
of the angle of slope, 8. For a land surface made 
up of plane facets an accurate correction of 
area could be made for slope variations, but in 
the case of continuously changing slope of an 
actual landform surface the correction can 
cnly be estimated from grouped data of the 
frequency distribution. If the measured surface 


area for a given slope class is divided by the 
cosine of the angle of the class mid-value (or 
multiplied by the secant of that angle) an 
approximate correction is made on the assump- 
tion that areas are uniformly distributed within 
the class. 

Correction for surface inclination has been 
made in all frequency distributions in this paper 
except those of tangents in the Emporium area, 
which are used directly for statistical test of 
sampling methods. In Figure 10 the tangent 
distribution for the Perth Amboy map is 
shown for the measured areas (dashed line) 
and for adjusted, or true, areas (solid line). 
The difference is considerable in this distribu- 
tion because of the prevalence of steep slopes. 
Mean, standard deviation, and variance are 
computed from adjusted frequencies. 


Practical Applications of Slope Frequency 
Distributions 


Slope-frequency distributions have the same 
applications in engineering, military science, 
soil conservation, and hydrology as do slope 
maps, except that the use is more general. 
Given a characteristic frequency distribution 
obtained rapidly by simplified point-sampling 
methods described below a slope value critical 
to the given application can be located on the 
frequency distribution. The cumulative dis- 
tribution in Figure 10, for example, shows that 
about 88% of the total ground surface has a 
slope of less than 150% (tangent = 1.5), or 
that 12% of the total surface has slopes steeper 
than 150%. Such information may be im- 
portant in decisions concerning the composition 
of military forces and weapons to be used in 
a given terrain, or the suitability of land for 
cultivation. 


ForRMS OF THE SLOPE-FREQUENCY 
DISTRIBUTION 


Perth Amboy Locality 


The three regions selected for slope mapping 
differ in scale, stage of development, and rock 
type, permitting observation of the effect of 
geometrical differences upon frequency dis- 
tribution. 
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The small drainage basin in the Perth Amboy 
badlands (Figs. 7-9) was selected because it is 
in a youthful, or inequilibrium, stage of de- 
velopment (Strahler, 1952b, p. 1128-1129). 
The central and lower part of the basin has 
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one place a cliff upheld by resistant clay has 
slopes between 65° and 72°. Here a single .90 
isosine encloses the entire cliff area, whereas 
the isotangents are closely crowded and 
exceed 3.0. 


20 Feet 


Ficure 7.—Contour TopoGRAPHic Map oF DRAINAGE BASIN IN PERTH Amboy, N. J., BADLANDS 
Contour interval 1 foot. From a special field survey by A. N. Strahler and D. R. Coates, 1948. 


been transformed into steep slopes, as the 
gully system of which this basin is a part has 
been deepened and enlarged. The upper, or 
headward, part of the basin remains undissected 
and has gentle slopes, only slightly modified 
from the original flat terrace surface into 
which the gully is developing. On a large scale 
this upper surface might represent an initial 
land surface or a peneplain uplifted and incised 
by the youthful valleys of a stream system. 
The isotangent and isosine maps (Figs. 8, 9) 
show differences in spacing of lines; those on 
the isosinal map are more uniformly dis- 
tributed because the tangent function shows a 
rapid increase in value with angles over 60°, 
approaching infinity as the angle approaches 
90°. The sines by contrast are more nearly 
uniformly distributed with respect to degrees 
of arc and range only between 0 and 1.0. In 


Because of the composite nature of this 
drainage basin the frequency distributions 
should be strongly skewed, perhaps even bi- 
modal, and this is actually the case (Figs. 10, 
11). Ordinary and cumulative distributions 
are shown for tangents and sines. The smoothly 
curved dashed lines in the cumulative dis- 
tributions were drawn by inspection through the 
class midpoints. Ordinarily a smooth curve 
signifies a population of an infinite number of 
variates conforming to a theoretical function, 
but this is not intended here. Measured areas 
and adjusted (true) areas are shown for both 
distributions. 

The tangent histogram is skewed to the right, 
compressing the low slope values on the left 
but expanding the high values on the right. 
The sine histogram has left skewness and 4 
secondary mode in the low-slope side. This 
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FicurE 8.—IsOTANGENT, OR First-DERIVATIVE, SLOPE Map oF PerTH AMBOY DRAINAGE BASIN 
In this and other slope maps hachured lines show negative areas, or closed depressions on the slope. 


Ficure 9.—IsosinaL, oR SHEAR-STRESS INTENSITY, SLopE Map or Pertu AmBoy BASIN 
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mode is obscured in the tangent distribution 
by compression of low-slope classes. The means 
of the two distributions are not identical when 
reduced to degrees. The tangent mean of 0.95 
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FicureE 10.—HistoGRAM AND CUMULATIVE 
FREQUENCY DIAGRAM OF TANGENT OF SLOPE, 
Perth AmBoy DRAINAGE BASIN 


Areas measured by planimeter from isotangent 
map (Fig. 8). 


is equivalent to an angle of about 43°; the sine 
mean of 0.61 is equivalent to an angle of about 
38°. This is expected in the computation of 
means from data organized into classes accord- 
ing to two measurement scales. 

Standard deviations also differ when both 
are reduced to degrees. Standard deviation of 
tangents is 0.64, equivalent to about 3214°; 
that of the sines is 0.20, equivalent to about 12°. 
This is expected because the deviations of 
tangents are measured with respect to a larger 
mean and include high tangent values in the 
upper tail of the distribution. 
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Catskill Locality 


The Catskill locality lies near the northern 
edge of the West Kill, New York, quadrangle, 
mapped by the U. S. Army Map Service on a 
scale of 1:25,000. Figures 12, 13, and 14 show 
the topographic map, isosinal map, and fre- 
quency distributions of two similar drainage 
basins: Si Meade Hollow and Turk Hollow. 
Each basin is about 1 mile wide and 2 miles 
long; total relief is about 1400 feet. Drainage 
density is extremely low, and streams are 
widely separated by long slopes. The structure 
is one of near-horizontal sedimentary strata of 
Devonian age. Strata near the summits include 
highly resistant, massive beds of conglomeratic 
sandstone which produce flattened divides and 
conspicuous structural benches in the upper 
basin slopes. Strata underlying the lower 
elevations are less resistant and include much 
red weak shale. Consequently the lower parts 
of the drainage basins are open with gentle 
slopes. 

Only the sine of slope was mapped for this 
area (Fig. 13). Frequency distributions of sine 
of slope were derived for Si Meade and Turk 
hollows (Fig. 14). Similarity of the distributions 
is striking. Population parameters (interpreting 
each drainage basin as a population within 
itself) are surprisingly similar (Table 1). 

Because both distributions represent the 
entire slope population, standard statistical 
tests of difference in means and _ variances 
cannot be applied. Even if these data were re- 
garded as samples instead of populations, such 
tests would be impossible because, without a 
finite number of variates, the number of de- 
grees of freedom is not defined. If, in test of 
variances, we compute the statistic F, the ratio 
of the two variances, and enter the F-distribu- 
tion tables for infinite number of degrees of 
freedom for both numerator and denominator, 
a critical rejection value of 1.00 is found (Dixon 
and Massey, 1951, p. 310-312). This means 
that any difference in variances is significant, a 
logical conclusion because no two populations 
can be identical unless they agree perfectly in 
all parameters. 

In any region of horizontal strata the de- 
velopment of structural benching might be 
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Figure 11.—HistoGRAM AND CUMULATIVE FREQUENCY D1AGRAM OF SINE OF SLOPE, PERTH AMBOY 
DRAINAGE BASIN 


Areas measured by planimeter from isosinal map (Fig. 9). 


_ 1000 ¥ds. 


Ficure 12.—Contour TopoGRAPHic Map oF St MEADE AND Turk Ho.tows, WESTKILL, N. Y. 
QUADRANGLE 


Map simplified from Army Map Service Sheet 6168 III NW, scale 1:25,000, compiled from air photo- 
graphs in 1945. 
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expected to produce a bimodal distribution 
because each bench consists of a step, or plat- 
form of less-than-average slope bounded on 
the outer edge by a scarp of steeper-than-aver- 
age slope. The presence of many such benches 
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observed frequencies are compared with ex- 
pected frequencies of a normal distribution 
having the same mean and variance through a 
x? test of goodness of fit some information may 
be obtained on the question of whether the 


ff 
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Ficure 13.—IsostnaL Map oF S1 MEADE AND TurK 
Hachured lines are applied only to slope depressions on side walls of valleys. 


gives abnormally large surface areas of slope 
both higher and lower than the mean. In an 
idealized geometrical case benching will produce 
a topography resembling a flight of stairs and 
consisting wholly of horizontal and vertical 
surfaces. This would yield a frequency dis- 
tribution of two end classes only. The normal 
landform with benching will have a distribution 
intermediate between this extreme and the 
unimodal form of a region of smooth slopes. 
A statistical test may be used with grouped 
data to test the hypothesis that the observed 
frequency distribution conforms to some pre- 
viously specified theoretical distribution. If the 


bimodal form could be expected by chance 
sampling from a normal population, or whether 
bimodality is actually inherent in the nature of 
the distribution of slope sines in this area. 
The Turk Hollow sine data were reduced to 
8 classes (Dixon and Massey, 1951, p. 190-191) 
by combining end classes so that no class has 
less than 5 per cent. This is a conservative 
measure in the light of a null hypothesis that 
the observed data are drawn from a normal 
population, inasmuch as it tends to minimize 
discrepancies in end classes where chance 
variability is great. Turk Hollow was chosen for 
this test because its distribution has less pro- 
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nounced bimodality. If the hypothesis of nor- Si Meade Hollow frequency distribution and is 
mal distribution is rejected for the Turk Hollow, explained by the geometry of structural 
it may also be rejected for Si Meade Hollow. benching. 
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Ficure 14.—HisTOGRAMS AND CUMULATIVE FREQUENCY DIAGRAMS OF SI MEADE AND TurK HoLtows 
Areas measured by planimeter from isosinal map (Fig. 13). 


The value of x? in this test is approximately 


10.9 with a probability of about 6 per cent for TABLE 1.—CoMPARISON OF POPULATION 
five degrees of freedom. For P of 0.10, x? is PARAMETERS OF St MEADE AND TURK 
9.24; for P of .05, x? is 11.1. We would be led HoLtows 

to accept the hypothesis by a scant margin | E Sientent? 
at the 5 per cent level, but to reject it at 10 -_ | Variance | deviation' 


per cent. Whatever choice one might make on 
acceptance or rejection it is clear that the fit Sj Meade Hollow....| 0.2650 | 0.01122 | 0.1059 
is rather poor and that we should not expect Turk Hollow....... 0.2664 | 0.01075 | 0.1037 
this poor a fit or worse to occur readily through 
chance variations alone if the sine distributions 
are normal. The existence of inherent bi- The bimodal frequency distribution also 
modality, if not strongly supported by the appears strikingly in samples of 100 points 
Statistical test, is endorsed by similarity of the located at random within the area. 
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Emporium, Pennsylvania, Locality 


The third test area, near the center of the 
Emporium quadrangle in north-central Penn- 
sylvania, was selected because it appears to be 
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graphic contour map of the area, redrawn and 
simplified from the U. S. Geological Survey 
map. Two small drainage basins, Lucore and 
Russell hollows, each about 1 mile long and 
three quarters of a mile wide, were outlined for 


SS 


Ficure 15.—Contour TopocraPuic Map oF LucorE AND RussELL HOLLOWS AND TEST SAMPLING SQUARE, 
CENTER OF Emporium, Pa., QUADRANGLE 
Copied from U. S. Geological Survey 74-minute topographic map, scale 1:24,000, 1950; topography 
from aerial photographs by multiplex methods; photographs taken in 1945. 


a typical fully mature topography in which 
slopes are smooth and structural benching 
unimportant. It was anticipated that this 
example might show the characteristically 
normal slope frequency distribution inferred 
for small drainage basins carved in homogeneous 
rock masses. Figure 15 is a generalized topo- 


study. A superimposed square about 2200 yards 
across including large parts of these two basins 
and some parts of the adjoining basins, wsa 
mapped and measured separately for use as 4 
control population in simplified sampling 
methods described below. 

The Emporium area is a part of the unglaci- 
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Ficure 16.—HIsTOGRAMS AND CUMULATIVE FREQUENCY DIAGRAMS OF LUCORE AND RUSSELL HOLLows 
Areas measured by planimeter from isosinal map not illustrated. 


ated Appalachian Plateau Province and lies in 
the northeastern part of the unglaciated 
Kanawha section. The region is underlain by 
resistant Pocono and Pottsville formations, de- 
formed into broad, shallow folds. Within the 
area of the map the strata are essentially hori- 
zontal. Structural benching is evident in the 
broad divides at the 1940-foot elevation, but 
the valley slopes are smooth. Surrounding the 
central area of the Emporium quadrangle are 


broad interstream areas of low slope where the 
Pottsville sandstone forms a cap rock, but in 
the area chosen for slope mapping this surface 
is almost entirely dissected. 

Figure 18 is an isotangent map of the Em- 
porium area. Figure 16 shows frequency dis- 
tributions of sine of slope for Lucore and Russell 
hollows, measured from an isosinal map made 
independently of the tangent map shown in 
Figure 18. Both distributions are similar in form 
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and agree closely in population parameters 
(Table 2). 

These distributions are unimodal and have 
lower relative and absolute dispersion than the 
previous examples. Left skewness is evident in 
both histograms. Possibly the benching along 
divides at about 1940 feet accounts for the 


TABLE 2.—COMPARISON OF POPULATION 
PARAMETERS OF LUCORE AND 
RussELL 


Standard 

Mean | Vavince | 

Lucore Hollow...... 0.3285 | .007069 | .08408 
Russell Hollow...... 0.3266 | .007444 | .08628 


excessive development of classes under 0.2. 
Comparison of the Lucore Hollow distribution 
with a normal distribution of the same mean and 
variance was made by the x? test of goodness of 
fit. Seven classes remained after combining end 
classes into groups containing 5 per cent or 
more. This yielded a value of 7.14 for x?, which 
with four degrees of freedom has an associated 
probability of 0.15. Thus the hypothesis that 
the Russell Hollow sine data are drawn from a 
normal population is accepted. Because we have 
defined the sine distributions of these basins 
as representing the total population within the 
boundaries of the watershed, the normal popula- 
tion referred to in this test is a theoretical, 
infinite, superpopulation of innumerable drain- 
age basins imagined to be developed under 
similar conditions. We are justified in saying 
that the fit of the observed sine data to a 
normal distribution is not a poor one. 


Comparison of the Three Localities 


Characteristics of the three sine-frequency 
distributions can be compared on a cumulative 
frequency diagram (Fig. 17). Step graphs show 
observed frequencies by classes. Inasmuch as 
these sine data represent entire populations, 
the drawing of smooth curves by inspection only 
is justified as a crude representation of actual 
population curves. The Perth Amboy drainage 
basins shows great range (almost covering the 
entire slope quadrant), a broad dispersion, and 


A. N. STRAHLER—QUANTITATIVE SLOPE ANALYSIS 


a high mean slope. Lack of symmetry is evident 
in the long slope of the left side of the curve, 
Youthfulness of development explains the 
broad dispersion and wide range. The high 
mean is attributable to steep slopes in cohesive 
clays. The Lucore Hollow distribution is sym- 
metrical, with a low dispersion. The distribu- 
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FicurE 17.—CuMULATIVE FREQUENCY CuRvES 
OF THREE DRAINAGE BASINS 


tion for Si Meade Hollow has an intermediate 
dispersion and is bimodal. These curves and 
general considerations of landform evolution 
suggest that the slope distribution in the in- 
equilibrium stage of drainage-basin develop- 
ment has the broadest dispersion and shows 
strong left skewness. As the available mass is 
transformed by incision of the streams and 
lengthening of steep valley-side slopes, disper- 
sion is reduced by an increasing proportion of 
steep surfaces and a decreasing importance of 
low-slope classes. When slope transformation is 
accomplished, leaving only narrow divides, dis- 
persion is reduced to the minimum. A region of 
steep straight slopes with sharp divides and 
narrow canyon bottoms would yield an ex- 
tremely narrow frequency distribution. Such a 
topography corresponds to W. Penck’s “uni- 
form development”. 

Further change in form of frequency distribu- 
tion may be steady reduction in mean slope 
value, if relief is reduced and slope steepness 
diminished. If, instead, the theory of slope 
evolution requires parallel slope retreat, ac- 
companied by the development of widening 
basal slopes of low gradient (Haldenhang or 
pediments), the low-slope classes would be ex- 
pected again to become important, increasing 
the dispersion and destroying the symmetry of 
the distribution. 
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SmMPLIFIED PoInt-SAMPLING METHODS 
Selection of Sampling Test Area 


Rapid methods of statistical analysis of slope 
must be devised if large areas or many localities 
are to be analyzed. Preparation of a slope map 
and its planimeter measurement may take an 
experienced operator 1-4 weeks, an unjustified 
time expenditure if we wish to know only the 
mean, variance, standard deviation, general 
shape, and range of the slope distribution. 
Rapid methods of obtaining this information by 
sampling slope at a limited number of points on 
the surface were investigated and their relia- 
bility determined by comparison with popu- 
lation data from the slope maps. 

The area chosen for tests of sampling methods 
is a square, 2200 yards across, superimposed on 
parts of both Lucore and Russell hollows (Fig. 
15). A detailed isotangent map was prepared, 
using about 2000 slope readings (Fig. 18). 
Divider points were set at an opening represent- 
ing 100 feet horizontal distance; the same 
distance was used in point sampling. Planimeter 
measurement yielded a frequency distribution 
(Figs. 2, 20A). Correction of observed class fre- 
quencies to estimated (true) surface area was 
not made in this investigation. The percentage 
frequencies (Figs. 2, 20A) are taken directly 
from the map. 


Population Parameters in Statistical Testing 


An important assumption in the tests is that 
the frequency distribution measured from the 
isotangent map represents the actual slope 
population within the area mapped. This as- 
sumption seems justified because no part of the 
ground surface has been omitted. Although the 
isotangent lines were drawn from information 
consisting of point measurements, the drawing 
of lines constitutes an interpolation or estimate 
of the state of the ground slope at all points 
between the selected points. If two successive 
isotangents were drawn with perfect accuracy 
they would represent the boundares of an area 
in which all the surface is within the slope range 
of the given class. Perfect accuracy cannot be 
achieved, but with improvements in technique 
the observed lines will approach the true lines. 


Statistically, the frequency distribution meas- 
ured from a slope map is an approximation of 
the entire slope population, rather than a 
sample drawn from the population. Conse- 
quently the symbols for population param- 
eters—p for mean, o? for variance, and o for 
standard deviation—have been used instead of 
corresponding sample statistic symbols, X, s?, 
and s, to describe all frequency distribution 
measured by planimeter from isotangent and 
isosinal maps. 

The distinction between population parame- 
ters and sample statistics is important in se- 
lection of statistical hypotheses, because cer- 
tain tests require that the population mean or 
population variance be known. The number of 
degrees of freedom cannot be determined, or is 
considered infinite, for the slope-frequency 
distribution measured from the slope maps; no 
finite number of variates contributes to each 
class in the distribution. Even the actual 
number of points (hundreds or thousands) from 
which the slope contours were drawn in prepa- 
ration of the slope map is equivalent to an 
infinite number in statistical tests. 


Random-co-ordinate Sampling Method 


A method of drawing a sample of any desired 
number of points at random from the surface of 
a square area was developed through applica- 
tion of a rectangular co-ordinate system; it is 
designated as the “random-co-ordinate method” 
(Fig. 19A). The square is divided into 100 units 
on a side. On both abscissa and ordinate the 
units are designated by two-digit numbers from 
00 through 99. Used in pairs, the first two-digit 
number representing the value of X, the second 
number of value of Y, a total of 10,000 points 
may be located within the square, as points are 
located by a military grid system. The popu- 
lation of points available for sampling is thus 
not infinite but is extremely large in terms of 
samples of sizes from 10 to 200 points each. 
To yield a sampling population of 1,000,000 
points, we need only three digits, each series 
ranging from 000 to 999. This is not practical in 
a small square, because it is not possible to read 
scale subdivisions of one thousandth part of the 
side of the square, but if a much larger sampling 
square were used the degree of subdivision 
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FicurE 18.—IsoTANGENT Map or Emporium, Pa., Loca.iry 


Numbers on lines tell tangent of angle of slope; hachured lines show only depressions in slope surface 
on valley side positions. 
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might be increased to 1000 or 10,000 units per 
side. 


Drawing Random Numbers 


The next step is to draw a random sample 
from the available points. Size of sample can be 
selected to meet the standards of probable 
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FicurE 19.—MeEtTHops oF Pornt SAMPLING 


error in the mean, as explained below. Here, a 
sample size of 100 is used. Thus it is necessary 
to draw 100 pairs of co-ordinates in a random 
series, i.e., to draw co-ordinate values so that 
every one of the 10,000 co-ordinate points in 
the square has an equal chance of being drawn 
on each draw. 

This might be accomplished by taking 10,000 
plastic discs of equal physical properties and 
inscribing on each a different co-ordinate pair. 
To obtain a random sample of 100 one would 
shake the discs in a bowl, draw one out, record 
the numbers, and return the disc to the bowl, 
repeating this process until the desired sample 
number is obtained. A simpler way is available 
through the table of random numbers, available 
in books of statistical tables, and in the ap- 
pendices of most introductory statistical text- 
books. Tables published by Dixon and Massey 
(1951, p. 290-294) were used; they consist of 
blocks of 25 two-digit numbers. We may begin 
at any number in the tables and record the con- 


secutive pairs of digits until the desired sample 
number is drawn. Selection of the point of 
starting can be made by bringing down a pencil 
point to some chance point on the page. First a 
series of 100 two-digit numbers is listed, forming 
the X co-ordinates. A second series of 100 
numbers is drawn and listed opposite the X list 
to form corresponding values of Y. 


Measurement of Slope at Co-ordinate Points 


A T-square and right triangle facilitate 
finding of the sample point, which may be 
marked by a needle prick. The divider points, 
set at a fixed distance (in this case equivalent 
to 100 feet horizontal distance), are then ap- 
plied to the orthogonal passing through the 
sample point and the drop in elevation esti- 
mated from number of contour intervals and 
fractions of intervals intercepted. This oper- 
ation is the same as that used in preparing the 
slope map (Fig. 3). The tangent of slope is 
recorded opposite the corresponding co-ordinate 
pair of the list, and the next sample point lo- 
cated. In this way the operator can relocate any 
sample point to check his determination, and 
other operators can find the same point and 
compare their results to determine operator 
variance. 

A second method of rapid point sampling 
commonly encountered in geologic work uses 
grid squares (Fig. 19B) to secure uniform 
rectangular spacing of 100 points located in the 
centers of the squares. It might be supposed 
that a regularly distributed sample would give 
coverage more uniformly representative of the 
entire area and would be superior to the 
random-co-ordinate method. According to 
statistical principles, however, this grid sample 
is unsatisfactory because variance cannot be 
computed simply. Furthermore, the large size 
of the grid distance in relation to size of land- 
form units makes it possible that, if the topo- 
graphic units are elongated in one azimuth, 
some bias may be introduced by the fact that 
grid points are not spaced the same distance 
apart with respect to possible parallel sets of 
reference lines. An advantage of the random- 
co-ordinate method is that additional samples 
may be taken from the same square by drawing 
more pairs of random numbers; with a fixed 
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grid additional samples can be taken only by 
shifting the entire grid horizontally, changing 
the area covered. 


Comparison of Sample and 
Population Distributions 


After the random-co-ordinate sample is 
taken, the individual variates are grouped into 
classes, and the mean, X, variance, s*, and 
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Ficure 20.—HIsToGRAMS OF RANDOM-CO-ORDINATE 


SamMPLE, Grip SAMPLE, AND 
POPULATION COMPARED 


Population histogram measured from isotangent 
map (Fig. 18) 


standard deviation s, computed. In computa- 
tion of variance the sum of squared deviations 
is divided by (V — 1), which in this case equals 
99. A histogram can be constructed, and the 
form of the distribution compared with the 
population histogram based on the slope map. 
Figure 20 shows three frequency distributions 
compared: (A) population distribution based on 
the slope map; (B) random-co-ordinate sample 
of 100 points; (C) the fixed grid-square sample 
of 100 points. Variance and standard deviation 
are given for the first two distributions but 
omitted from the grid-sample data for which 
the mean only was computed. 

The close similarity in all three histograms is 
apparent. Means and variances differ only in 
the third decimal place. Slight left skewness is 
noticeable in all three distributions. 
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To evaluate the reliability of the random. 
co-ordinate sampling method statistical tests } 
are available which tell the probability that the 
observed differences in means and _ variances 
are solely due to chance. In the present case 


TABLE 3.—TEST OF VARIANCE 


Random-co-ordinate sample vs. Population 
s? = 0.0102 N= o? = 0.0104 
Hypothesis: o? = o} 
Let a = .05 
Use statistic x?/d.f. = s?/o? = 0.98 
Critical region: 0.756 < s?/o? < 1.28 
Accept hypothesis. 


such tests might seem superfluous, but they 
give additional support to the intuitive conclu- 
sions. The tests would be essential in cases 
where differences are marked. 


Test of Sample Variance 


To test sample variance the statistical hy- 
pothesis is proposed (Table 3) that the variance 
of the population from which the sample is 
drawn, oo’, is identical with the known popu- 
lation variance, 0”, derived from the slope map 
(Dixon and Massey, 1951, p. 86-87). We set 
the critical probability, a, equal to 5 per cent. 
The ratio of sample variance to population 
variance, s?/o?, which has the distribution of 
x?/df. is used. If this ratio of variances is very 
large or very small, differing greatly from unity, 
the probability of the sample being drawn from 
the population is also small. At the 5 per cent 
level of significance, divided into two parts of 
214 per cent each to contend with values both 
excessively small and large, the hypothesis will 
be rejected if the ratio is less than 0.756 or 
greater than 1.28. In this instance the ratio is 
close to 1, and the hypothesis is accepted. 


Test of Sample Mean 


To test sample mean (Dixon and Massey, 
1951, p. 94-97) the statistical hypothesis is 
proposed that the mean, po, of the population 
from which the sample was drawn is identical 
with the slope-population mean, p (Table 4). 
The critical level of significance is set at 5 per 
cent. This means that with repeated sampling, 
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for 1 in 20 such tests on the average, we will 
reject the hypothesis when it is actually true. 
The statistic, z, used for the test, is the ratio of 
the observed difference between sample mean 
and population mean to the standard error of 


TABLE 4.—TEST OF MEAN 


Random-co-ordinate sample vs. Population 


0.36450 w= 0.36580 = 0.1022 
Hypothesis: = po 
Let a = .05 


Use statisti = —-— = +0.106 
se statistic z + 


Critical region: +1.96 > z > —1.96 
Accept hypcthesis. 


the mean. Values of z will be almost normal in 
distribution in this case because the population 
distribution is not greatly different from nor- 
mal. The hypothesis is to be rejected if values of 
z larger than +1.96 or smaller than —1.96 are 
found. The observed value of z in this test is 
0.106. The hypothesis is therefore accepted. 


Confidence Limits of Sample Means 


Where the population parameters are known, 
the behavior of sample means of any given 
sample size can be predicted on a strict proba- 
bility basis. For a normally distributed popu- 
lation with variance o? and sample size N, the 
sampling distribution of means will be normal 
and will have a standard deviation, oz, which 
equals the standard deviation of the popula- 
tion, ¢, divided by the square root of the num- 
ber of variates, V. Thus we write the equation 
= The statistic is commonly 
termed the “standard error of the mean”. 
Table 5 shows use of this statistic to predict the 
expectable range in sample means of various 
sizes. The value of standard deviation found in 
the slope population based on the isotangent 
map is 0.1622. The standard error of the mean 
oz for a given sample size is obtained by divid- 
ing 0.1022 by the square root of the sample 
number VN. Row A of the table gives these 
values for samples of 10, 50, 100, and 1000 
slope readings drawn by the random-co-ordinate 
method. The number +0.0323 under sample 
size 10 can be interpreted to mean that about 
68 per cent of the time, with repeated sampling, 
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the sample mean will fall in a range not higher 
than 0.0323 more than the population mean of 
0.3656 or lower than 0.0323 less than this 
population mean. Thus the interval, or spread 
of expected sample means, is from 0.3333 to 


TABLE 5.—CONFIDENCE INTERVALS BASED ON 
POPULATION PARAMETERS, 


pw = 0.36558, o = 0.1022 
Confidence | Statistic Sample size: 
level: used: 
10 50 100 | 1000 
(A) 68% = | 
(B) 95 .0063 
VN +. +. 
(C) 95% % of 


0.3979. For larger samples this spread is re- 
duced inversely as the square root of the sample 
number. For samples of 100 variates the stand- 
ard error is about 0.1, or about one-fifth of the 
width of the class interval used in the histo- 
grams (Fig. 20). 

Row B of Table 5 shows the probable range 
in sample means at the 95 per cent confidence 
level. The range to be expected 95 per cent of 
the time is 1.96 oz, almost twice the standard 
error. The figures in row B tell the range above 
or below the population mean to be expected 
95 per cent of the time with samples of 10, 50, 
100, and 1000. For samples of 100, the size 
used here, 95 per cent of the sample means will 
fall not more than .02 above or below the popu- 
lation mean, if we are sampling from this popu- 
lation. The figures in row B are converted into 
percentage of the population mean in row C and 
tell us that our percentage error will not on the 
average exceed the values shown 95 per cent of 
the times samples of the given size are drawn 
at random. The percentage figures apply only 
to the population mean of 0.36558; the ranges 
in rows A and B are valid for any normal popu- 
lation with a standard deviation of 0.1022. 


Chi-Square Test of Goodness of Fit 


Another means of testing the sample for con- 
formity with the known population is the x? 
test of goodness of fit, commonly used to com- 
pare an observed distribution with a hypo- 
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thetical normal distribution assumed to have 
the same mean and variance (Dixon and 
Massey, 1951, p. 190-191). In this case the 
population is known in terms of classes and their 
frequencies. The hypothesis is that the sample 
distribution represents a population identical 


TABLE 6.—CuI-SQUARE TEST OF GOODNESS OF FIT 


Random-co-ordinate sample vs. Population 
Hypothesis: Sample distribution conforms to 
population distribution. 
Let a = .05 
2 
Use statistic x? = pi” 
(F = expected freq.; f = observed freq.) 
x? = 2.72; df. (9 classes) = 6; x2; = 12.6 
Accept hypothesis. 


to the known population measured from the 
slope map (Table 6). We again set the level of 
significance at 5 per cent. The statistic used has 
the x? distribution and is the sum of the ratios of 
the squared differences between observed and 
expected frequencies in each class to the ob- 
served frequencies in those classes. Expected 
frequency is the frequency measured from the 
slope map; observed frequency is the sample 
frequency. With six degrees of freedom (three 
less than the number of classes used) the critical 
value of o?, above which the hypothesis will be 
rejected, is 12.6. The observed value of x? is, 
however, only 2.72, so we accept the hypothesis. 
The fit is a good one. 


Evaluation of Sampling Method 


The tests thus far have cast no doubt upon 
the hypothesis that the random-co-ordinate 
sample is drawn from the same population as 
represented by the slope map. The labor saved 
in the random sampling method testifies to its 
desirability in future slope studies. A similar 
random-sampling technique, based on surveying 
methods with plane table and alidade, could be 
applied in the field if adequate maps are not 
available. Because standard error of the mean 
can be estimated closely from sample data alone, 
the operator can judge the size of sample 
needed. Measuring a sample of even 1000 points 
takes far less time than preparing an isotangent 
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or isosinal map and brings the probable error of 
the mean to very narrow limits (Table 5, 
row B.) 


Operator Variance 


In any sampling operation involving a series 
of measurements requiring some estimation 
the problem of operator variance is important. 
Given the same maps or field areas, the same 
instruments, and the same instructions, would 
there be differences in sample results? Would 
different operators produce significantly differ- 
ent means or variances from the same sample 
area? Although this question has not been fully 
studied for slope-sampling methods, a pre- 
liminary study of two operators’ results sug- 
gests that operator differences are small (Table 
7), and do not constitute a weakness in the 
sampling method. 

Operator B took the list of 100 random co- 
ordinates used by the writer, Operator A (Fig. 
20B; Tables 3, 4). At each sample point Oper- 
ator B determined the tangent of ground slope 
independently, but used the same map and 
instruments. This yielded a second sample of 
100 tangents, in which each variate is paired 
to a corresponding variate in Operator A’s 
sample. The two samples are designated as 1A 
and 1B; the sample statistics are shown in the 
first row of Table 7. The mean of the paired 
differences, #2, is —.00150; the standard devi- 
ation of the differences, sg, is 0.02508. The 
value of ¢ is —0.598, which for a = .05, is far 
less than the critical value above which re- 
jection would be required under the hypothesis 
that the mean of the population of differences 
is zero and therefore that both samples are 
drawn from one population. 

A second test was performed with a cor- 
responding set of data (Table 7, second row). A 
random co-ordinate sample of 100 was drawn 
from a table of random numbers; each operator 
independently determined the slope tangent at 
each point. This yielded samples 2A and 2B in 
which variates are also paired. The mean of the 
differences was +.0030, which is twice as large 
as in the previous case and of opposite sign. The 
variance of the differences is larger in the second 
case. The value of ¢ is again much less than the 
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le error of critical value for a = .05, and the hypothesis _ tion of slope and has value in testing the reli- 
(Table 5, that mean of differences is equal to zero is ability of rapid methods of sampling. 
again accepted. Frequency distribution of slope tangents or 
These tests suggest that operator variance slope sines provides a generalized picture of 
induces no significant differences in sample _ slope of an entire land surface. The study of 
we means. In Table 7 the two values of mean _ slope-frequency distributions would be impracti- 
atimation TaBLE 7.—TeEsT OF PAIRED DIFFERENCES IN SLOPE READINGS 
nportant. 
Operator A Operator B Test 
3? Would 
ly differ. 1A 1B 
e sample Samples 1A & 1B, N = 100 a ae 
0.36450 0.36550 Xa — 0.001500 | ¢ = —0.598 
een fully s? | 0.010167 | 0.010136 | s%0.0006292 | ts = 1.99 
» & pre- s | 0.10083 0.10068 | sz 0.02508 Accept hyp. » = 0 
ults sug- 
Il (Table 2A 2B 
Sim the samples 2A & 2B, = 100 
d X | 0.39450 0.39150 Xa 0.00300 t = 0.815 
| 0.006373 | 0.008185 | s%, 0.001354 tos = 1.99 
A (Fig. s | 0.07983 | 0.09047 | sz 0.03680 Accept hyp. » = 0 
nt Oper- 
nd slope 
nap and differences are comparable and are very small cal on a large scale because of the time and 
imple of parts (only 10 to 20 per cent) of the differences labor involved, were it not for rapid point 
s paired in means of samples from the two sets of co- sampling methods. The random-co-ordinate 
itor A’s ordinates. The latter difference in means, method allows samples of any size to be drawn 
das 1A averaging about .027 for both operators, would from square regions of any size in a minimum 
n in the fall outside the 95 per cent confidence limits of time. Through statistical principles of sam- 
e paired already set for sample means of size 100 pling distribution of means, confidence limits 
rd devi- (Table 5). This is not surprising because we can be set up and the sample size adjusted so 
08. The expect that one sample in 20, on the average, that sample means will fall within specified 
5, is far will be rejected when the hypothesis is actually _ limits in a given percentage of trials. 
hich re- true. A ¢ test between samples 1A and 2B (two Statistics, such as the mean, variance, stand- 
pothesis sets of points, two operators) yields a value of ard deviation, and measures of skewness, can 
ferences ! almost exactly coinciding with the critical pe applied to slope-frequency distributions, 
nles are value of t fora = .05. In this test the variates enabling the geomorphologist to describe the 
are not paired. A two-way analysis of variance slope properties of a region quantitatively and 
a cor was not applied to the sample data (Table 7) — t9 compare two regions through objective tests 
row). A because strong dependence exists between oF differences in variances and means. This 
; drawn samples of each row. should lead to the objective, systematic deline- 
perator ation of geographical regions according to slope 
gent at CoNncLUSION properties. Slope-frequency distributions will 
d 2B in Preparation of slope maps showing variations differ with differences of stage in the _ 
n of the in amount of surface slope has served two morphic cycle of erosion of a region. Studies 
as large purposes: (1) the slope map has potential value may reveal the systematic progression of values 
gn. The in engineering and military applications; (2) the of slope-population parameters associated with 
second slope map provides an approximation of the the developmental cycle, thus making possible 
van the frequency distribution of a statistical popula- further quantification of landform stages. 
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EVOLUTION OF DRAINAGE SYSTEMS AND SLOPES IN 
BADLANDS AT PERTH AMBOY, NEW JERSEY 


By Stantey A. ScHuMM 


ABSTRACT 


To analyze the development of erosional topography the writer studied geomorphic 
processes and landforms in a small badlands area at Perth Amboy, New Jersey. The 
badlands developed on a clay-sand fill and were morphologically similar to badlands and 
areas of high relief in semiarid and arid regions. A fifth-order drainage system was 
selected for detailed study. 

Composition of this drainage network conforms to Horton’s laws. Within an area of 
homogeneous lithology and simple structure the drainage network develops in direct 
relation to a fixed value for the minimum area required for channel maintenance. Ob- 
served relationships between channel length, drainage-basin area, and stream-order 
number are dependent on this constant of channel maintenance which is in turn depend- 
ent on relative relief, lithology, and climate of any area. 

Other characteristics of the drainage network and topography such as texture, maxi- 
mum slope angles, stream gradients, drainage-basin shape, annual sediment loss per 
unit area, infiltration rate, drainage pattern, and even the morphologic evolution of 
the area appear related to relative relief expressed as a relief ratio, the height of the 
drainage basin divided by the length. Within one topographic unit or between areas of 
dissimilar but homogeneous lithology the relief ratio is a valuable means of comparing 
geomorphic characteristics. 

Hypsometric curves are available for a series of 11 second-order drainage basins 
ranging in stage of development from initial to mature. Relief ratio and stream gra- 
dients attain a constant value when approximately 25 per cent of the mass of the basin 
has been eroded. Basin shape becomes essentially constant at 40 per cent of mass re- 
moved in accord with Strahler’s hypothesis of time-independent forms of the steady 
state. 

Comparison of the drainage pattern as mapped in 1948 with that of 1952 reveals a 
systematic change in angles of junction and a shift of the entire drainage pattern ac- 
companying changes in the ratio between ground and channel slope. 

Field observations and experimental studies suggest that badland slopes may re- 
treat in parallel planes and that the rate of erosion on a slope is a function of the slope 
angle. The retreat of slopes may not conform to accepted concepts of runoff action as a 
function of depth and distance downslope. Runoff occurs as surge and subdivided 
flow which may be closely analogous to surficial creep. 

Rills follow a definite cycle of destruction and reappearance throughout the year under 
the action of runoff and frost heaving. 

At Perth Amboy, slopes are initiated by channel degradation and maintained by 
runoff and by creep induced through frost heaving. Runoff or creep may form convex 
divides, and both parallel and declining slope retreat are important in the evolution of 
stream-carved topography. 

Hypsometric curves reveal that the point of maximum erosion within a drainage 
basin migrates upchannel and that the mass-distribution curve of any basin has a 
similar evolution to that of the longitudinal stream profile. 

Comparative studies in badland areas of South Dakota and Arizona confirm conclu- 
sions drawn at Perth Amboy and show the importance of infiltration of runoff on topo- 
graphic development and of subsurface flow in slope retreat and miniature pediment 
formation. 
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INTRODUCTION 


The factor of time has been a major difficulty 
in investigations of the evolution of landforms. 
Laboratory scale models which operate rapidly 
are unsatisfactory because scale ratios cannot 
be suitably maintained. An alternative exists, 
however, in studies of badland regions of the 
western United States, where detailed investi- 
gations (Smith, In press) within small areas 
undergoing rapid erosion have led to inferences 
concerning processes operating on morphologi- 
cally similar but larger erosional landforms. 

Small badland areas developing in clay pits 
on the Coastal Plain of New Jersey were also 
suitable for study and could be observed dur- 
ng an annual cycle of climatic changes. A. N. 
Strahler and D. R. Coates of Columbia Uni- 
versity had selected one area at Perth Amboy, 
New Jersey for detailed study and mapping in 
1948. In 1951 the writer began his investiga- 
tion of the area using Strahler’s map as a basis 
for morphometric studies. 

Several methods were used to evaluate the 
effectiveness of the erosive processes and to 
study the evolutionary development of bad- 
land topography: (1) Topographic and drain- 
age maps, made with plane table and telescopic 
alidade, were sufficiently detailed for measure- 
ment of all components of the drainage net 
with planimeter and chartometer. A statistical 
analysis of the data followed. (2) Stakes placed 
along stream and slope profiles permitted re- 
peated measurements of erosion within selected 
basins. (3) Photography from selected stations, 


combined with remapping, gave information on 
changes within the system. (4) Experiments 
made upon samples of fill from the Perth Am- 
boy area showed the effect of slope angle on 
sediment loss and upon size of entrained par- 
ticles of the eroded material. (5) Comparative 
field studies were made in selected badland 
areas of the western United States. 

Landforms are functions of structure, proc- 
ess, and stage; all differences in landforms can 
be explained through combinations of these 
factors. Geomorphologists have emphasized 
striking form differences but have neglected the 
importance of persistent similarities among 
forms of geologically and climatically diverse 
areas. The morphology of the small badland 
areas is remarkably similar to youthfully dis- 
sected areas of high relief such as the recently 
uplifted mountains of the West, or any region 
of recent uplift that has not been severely gla- 
ciated. Scale of topography may have less in- 
fluence than other factors in the creation of 
distinctive features of the landforms. 

The project’s primary objective was to study 
the development and modification of badlands, 
but it may also be considered a type of large- 
scale model study, with the hope that some of 
the conclusions reached at Perth Amboy may 
be extended in a tentative way to larger areas. 

Fenneman (1922, p. 126) suggested the value 
of such studies in developing an understanding 
of the development of erosional landforms: 
“The physiographer’s conception of the progressive 


dissection of peneplains, as of other plains, is based 
mainly on the growth of gullies. Rapid downcutting, 
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steep sides, V-shaped cross section, and branching 
enter most abundantly into his mental pictures of 
an upland of homogeneous material or horizontal 
rocks that is undergoing dissection, especially when 
erosion is vigorous.” 


ACKNOWLEDGMENTS 


This investigation formed part of a quanti- 
tative study of erosional landforms sponsored 
by the Geography Branch of the Office of Naval 
Research as Project Number NR 389-042 under 
Contract N6 ONR 271, Task Order 30, with 
Columbia University. 

The writer wishes to thank Prof. A. N. Strah- 
ler, who sponsored the project, for the use of 
data collected at Perth Amboy before 1951, and 
for the topographic map of the area (PI. 1). Pro- 
fessor Strahler and members of the Seminar in 
Geomorphology at Columbia University dur- 
ing the years 1952 and 1953 gave much valu- 
able criticism and advice. Messrs. J. T. Hack, 
L. B. Leopold, H. V. Peterson, and M. G. Wol- 
man of the U. S. Geological Survey, Prof. John 
Miller of Harvard University, and Professor 
Strahler read and offered valuable suggestions 
for improvement of the manuscript. 

During the field season of 1952 Mr. Iven 
Bennett of Rutgers University acted as field 
assistant. M. Rossics and A. H. Schumm also 
helped in the field. Mr. A. Broscoe kindly fur- 
nished the drainage map of the Chileno Canyon 
drainage basin. 


GENERAL DESCRIPTION OF THE PERTH AMBOY 
LOcALITy 


The Perth Amboy badlands, where most of 
the investigation was made, were located on the 
western boundary of Perth Amboy, New Jersey, 
on the north bank of the Raritan River be- 
tween the two highway bridges over the river. 
The area was conspicuous because it was anom- 
alous in the humid climate of New Jersey and 
resembled larger badlands of the more arid 
West (PI. 2, figs. 1, 2, 3). The Perth Amboy 
badlands are not unique, however; badlands 
have developed elsewhere in humid climates. 
Rapid badland erosion is occurring in the Duck- 
town Copper Basin of Tennessee where 1014 
square miles are devoid of vegetation because 
of destruction by smelter fumes. It is considered 
the largest bare area in any humid region of 
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the United States (Hursh, 1948, p. 2). Simila 
erosion occurs where volcanic ash covers the 
surface sufficiently to destroy vegetation (Seger. 
strom, 1950). 


All the erosion forms in this badlands are, § 


were developed after 1929 when waste and over. 
burden from other pits backfilled the aban. 
doned clay pit at this site, producing a bench 
or terracelike deposit 40 feet high whose steep 
front and gently sloping upper surface rapidly 
gullied. The terrace as a whole was still in a 
youthful stage at the beginning of this study, 
Alluvial fans had been built along its base (PI. 2, 
fig. 1, 2). The easily eroded terrace might be 
considered the initial stage of landform develop- 
ment of the theoretical Davisian cycle, with 
the elevated flat-terrace surface representing a 
rapidly elevated peneplain. Similar small bad- 
lands have developed elsewhere in the area 
where removal of vegetation and Pleistocene 
deposits have exposed the soft Cretaceous Rari- 
tan clays. 

Plans for continued field studies to observe 
the cycle of development were unfortunately 
concluded when the area was leveled for con- 
struction purposes in the summer of 1953. 

Reports of the nearest weather station at 
New Brunswick, New Jersey, 8!4 miles north- 
west, reveal that erosion up to 1948 was accom- 
plished by a total of 844 inches of precipitation 
and that mean yearly precipitation was 43 
inches (U. S. Weather Bureau, 1929-1948). 
These figures contribute to a statement of gen- 
eral climatic conditions but not to a quantita- 
tive evaluation of the effect of rainfall, because 
there are no data on the local intensities of pre- 
cipitation during this period. Intensities here 
are not low, however, compared with storms 
in the badland regions of the West. The maxi- 
mum intensities of precipitation of any storm 
over periods of time ranging from 2 to 100 years 
may be expected in the eastern portion of the 
humid regions of the United States (Yarnell, 
1935). Undoubtedly the erroneous impression 
of higher intensities in the arid West is due to 
the destructive nature of runoff on sparsely 
vegetated slopes. 

Temperatures during this period ranged from 
0° to 95°F., indicating that frost heaving was 
probably important during the 534 months be- 
tween the first and last severe frosts. The east- 
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west orientation of the major drainage chan- 
nels affects the microclimatic environment, 
subjecting the north- and south-facing slopes 
to different frequencies of freeze and thaw. 

In spite of high precipitation the sterility of 
the fill and the rapidity of erosion prevented 


It may be suspected that frost heaving prob- 
ably modifies the topography somewhat be- 
cause the soil has moderate to objectionable 
frost-heaving characteristics and the low tem- 
peratures at Perth Amboy cause frequent freez- 
ing during the winter months. 
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Ficure 1.—GRAIN-SIZE DISTRIBUTION OF PERTH AMBOY FILL 


the growth of vegetation within the basin stud- 
ied, except for one wild cherry tree and a small 
patch of poison ivy on the western drainage 
divide. 

The fill forming the terrace at Perth Amboy 
is essentially homogeneous and the topography 
shows no persistent control by structure or 
lithology. Mr. Richard Chorley of Columbia 
University made a grain-size analysis of the 
fill, showing that it is 67 per cent sand, 22 per 
cent silt and clay, and 11 per cent gravel. The 
almost equal amounts of silt and clay were 
determined by the low plasticity of the finer 
fraction of the sediment (Burmister, 1952, p. 
102). A cumulative percentage curve was plot- 
ted for the sample (Fig. 1) and from this Ha- 
zen’s “effective size”, designated D,o by Bur- 
mister, was obtained. The quantity Do is the 
grain size in millimeters for which 10 per cent 
of the material is finer. For the Perth Amboy 
fill Dio is 0.04 mm. Using this value the fill 
characteristics important to this study can 
easily be determined using Burmister’s charts: 
(1) the drainage of the fill is fair with a coeffi- 
cient of permeability approximately 0.004 cm/ 
sec.; (2) the capillarity is moderate with an 
approximate rise of 5.0 feet; (3) the frost- 
heaving characteristics are moderate to objec- 
tionable. 


The importance of the values for capillarity 
and permeability are apparent from Burmister’s 
(1952, p. 83) statement that, during excavation, 
slopes seldom need to be cut flatter than 45° 
“in soils containing more than about 5% silt 
except where surface erosion of the slopes by 
the rapid runoff of rainwater is excessive.”” The 
5 per cent silt causes enough capillary cohesion 
in the soil to maintain steep slope angles, and 
the permeability is low enough to aid runoff. 
Thus, steep slopes are maintained, but erosion 
is rapid. 

The effect of capillary cohesion within the 
Perth Amboy fill makes the mean maximum 
slope angle for the area 48.8°, and thus the 
slopes are classified by Strahler (1950, p. 693) 
as high-cohesion slopes. 

The drainage basin selected for intensive 
study was mapped in 1948 by Strahler and 
Coates of Columbia University on a scale of 1 
inch equals 10 feet (Pl. 1). The contour interval 
is 1 foot. The drainage pattern was mapped 
with particular care so that all drainage-basin 
characteristics could be measured; all channels 
possessing recognizable drainage areas were 
considered permanent drainage features and 
mapped as such. 

The drainage basin mapped was that of a 
fifth-order stream network. Streams are desig- 


Similar 

rs the 

(Seger. 

IS are, 

1 over. 
aban 100 

bench 

Steep 

apidly 

l ina 

study. 

(Pl. 2, 

ht be 

velop- 
with 

‘ing a | 
bad- 

area 

| 

Rari- 

serve 

ately 

con- 

n at 

orth- 

com- 

ition 

s 43 

148), 

gen- : 

tita- 

pre- 

here 

rms 

axi- 

orm 

ears 

the 

ell, 

ion | 

> to 

ely 

‘om 

vas 

st- 


602 S. A. SCHUMM—BADLANDS, PERTH AMBOY, N. J. 


nated on the basis of orders; all unit or fingertip 
stream channels without tributaries are first- 
order streams (Horton, 1945, p. 281); the junc- 
tion of two streams of the same order forms a 
stream of the next higher order. 

In all the drainage basins studied the streams 
are assigned order numbers following the 
method outlined by Strahler (1952b, p. 1120) 
whereby the higher stream-order numbers are 
not extended headward to include smaller tribu- 
taries, but refer to segments of the main chan- 
nel (Fig. 9). With the Horton classification, the 
higher stream-order numbers include the small- 
est headward extension of the main stream. 
Using Strahler’s method, the two major chan- 
nels joining at point H (PI. 1) are third-order; 
using Horton’s method, the south tributary 
would be the extension of the fifth-order chan- 
nel and would be eliminated from studies in- 
volving third-order channels. This method will 
be referred to again in a discussion of channel 
lengths. 

The fifth-order basin mapped includes 3531 
feet of drainage channels within an area of 
31,027 square feet. The drainage density (Hor- 
ton, 1945, p. 283), equal to the sum of the 
channel lengths in miles divided by the area of 
the drainage basin in square miles, is 602, indi- 
cating that within an area of this type 602 
miles of drainage channels occur for every 
square mile of drainage basin. This value is in- 
dicative of the fine texture of the area. Although 
the density is high compared to a typical value 
of 5 to 20 for humid regions, it is not high for 
badland topography. 

Within the mapped area the first-, second-, 
and third-order stream basins show a transition 
from maturely developed topography near the 
mouth of the main stream, where the main 
channel has widened the valley until small seg- 
ments of flood plain have developed, to pro- 
gressively more youthful basins toward its head, 
where the tributaries are eroding into portions 
of the undissected surface of the fill. 

The mean length of the first-order channels 
is 10.1 feet, and the mean drainage area is 85.0 
square feet, indicating the small scale of the 
topography. The hypsometric integral (Strah- 
ler, 1952b) for the entire fifth-order network 
is 70 per cent, indicating that erosion has re- 
moved a minimum of 30 per cent of the total 


mass of the basin. This figure is reasonably 
accurate because the upper surface of the ter. 
race into which the system developed is still 
preserved in the headwater areas. Although the 
terrace is not a natural deposit and the drainage 


is developing on a small scale, investigation of 


principles of drainage-network development is 
aided by knowledge of several factors not avail- 
able in the study of the geomorphic evolution 
of other areas. 

The homogeneity of the fill aided develop. 
ment of an insequent drainage pattern on the 
terrace. The rapid erosion developed youthful 
V-valleys with steep straight slopes descending 
from convex or sharp-crested divides. The longi- 
tudinal profile of the main channel, typical of 
streams growing headward into an upland sur- 
face, had a concave lower segment and an upper 
convexity where degradation was most rapid. 
Tributary profiles varied with stage from con- 
vex-up, where the streams were unable to main- 
tain themselves against the rapid degradation 
of the main channel in the headwater areas, to 
concave-up where the main channel appeared 
to be at grade. 

Stream-channel erosion with sheet and rill 
erosion on the slopes were the dominant geo- 
morphic processes observed. Wind erosion was 
negligible, but frost action became important 
during the winter months. 


CHARACTERISTICS OF THE DRAINAGE NETWORK 
Components of the Drainage Network 


Morphometric studies of drainage-network 
components at Perth Amboy included measure- 
ments of all stream-channel lengths and drain- 
age-basin areas for all stream orders, so that 
each component could be studied independ- 
ently. Stream-order analysis permits compatri- 
son of the drainage network developed on the 
Perth Amboy terrace with patterns originating 
under natural conditions. Horton (1945) pro- 
posed certain laws of drainage composition 
which assume an orderly development of the 
geometrical qualities of an insequent drainage 
system. These laws were applied to data ob- 
tained from morphometric measurements on 
the Perth Amboy map (Pl. 1) to determine 
whether they conformed; if they did, conclu- 
sions from the Perth Amboy study might apply 
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to other larger areas. Geometry of two other 
fifth-order basins was measured for comparison 
with Perth Amboy basin (Table 2): Chileno 
Canyon basin (Chileno Canyon, California, 
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STREAM ORDER NUMBER 


Ficure 2.—RELATION OF NUMBER OF STREAMS OF 
Eacu ORDER TO ORDER NUMBER 


(1) Perth Amboy, (2) Chileno Canyon, (3) 
Hughesville area 


quadrangle) and Mill Dam Run basin (Hughes- 
ville, Maryland, quadrangle). 

The law of stream numbers, first of Horton’s 
laws of drainage composition, is stated as fol- 
lows (Horton, 1945, p. 291): “The numbers of 
streams of different orders in a given drainage 
basin tend closely to approximate an inverse 
geometric series in which the first term is unity 
and the ratio is the bifurcation ratio.” If a 
geometric series exists, a straight-line series of 
points results where the numbers of streams of 
each order are plotted on a logarithmic scale 
on the ordinate against order numbers on an 
arithmetic scale on the abscissa. This has been 


done in Figure 2, in the manner of Horton’s 
graphs. All three sets of points show a marked 
up-concavity at the lower end, suggesting that 
the geometric progression is not closely ob- 
served in the higher orders, but the Perth Am- 
boy data show general similarity with the rest 


TABLE 1.—METHOD OF DERIVING WEIGHTED 
MEAN BIFURCATION RATIO 
1 2 3 5 
Bifur. Products of 
St Number of : t 
‘order’ | streams | | involved | 
1 214 
4.78 | 259 1238.0 
2 45 
5.63 | 53 298.4 
8 
| | 4.00 | 10 40.0 
4 
| 2.00 | 3 6.0 
5 | 1 | | 


Total number of streams used in Col. 4 = 325. 
Sum of products of Col. 5 = 1582.4. 


1582.4 
Weighted mean bifurcation ratio = es = 


4.87. 


and there is no reason to believe that any fun- 
damental dissimilarity exists. 

The weighted mean of the Perth Amboy bi- 
furcation ratio is 4.87. Bifurcation ratio is the 
ratio of the total number of streams of one order 
to that of the next higher order (Horton, 1945, 
p. 280), ¢.g., a basin with 20 second-order chan- 
nels and 60 first-order channels would have a 
bifurcation ratio between these two orders of 3. 
Because of chance irregularities, bifurcation 
ratio between successive pairs of orders differs 
within the same basin even if a general observ- 
ance of a geometric series exists. To arrive at a 
more representative bifurcation number Strah- 
ler (1953) used a weighted-mean bifurcation 
ratio obtained by multiplying the bifurcation 
ratio for each successive pair of orders by the 
total number of streams involved in the ratio 
and taking the mean of the sum of these values 
(Table 1). 

The second law stated by Horton (1945, p. 
291) concerns stream lengths: “The average 
lengths of streams of each of the different orders 


geo- 
rtant 


604 S. A. SCHUMM—BADLANDS, PERTH AMBOY, N. J. 


in a drainage basin tend closely to approximate 


lengths although the value of the length of the ’ 


a direct geometric series in which the first term fifth-order stream is low in two cases Because | 


is the average length of streams of the first 


order.” continued channel development might be er. 


integer values only are used for order number; | 
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FicuRE 3.—RELATION OF MEAN Bastn AREA, MEAN STREAM LENGTH, AND MEAN STREAM GRADIENT 
TO STREAM ORDER 


The length of streams of each order was ob- 
tained by measuring all the drainage channels 
within a basin of a given order; the length of 
the fifth-order stream at Perth Amboy is the 
total length of all the channels within the basin. 
This method differs from Horton’s, but the 
total channel lengths may be more meaningful 
when considered within the area of each drain- 
age basin. Using this method, however, the 
mean stream-length plots (Figs. 3, 5) for the 
Perth Amboy, Chileno Canyon, and Mill Dam 
Run systems adhere to Horton’s law of stream 


pected to raise the value of the fifth-order 
length, bringing it closer to the fitted regression 
line. The shortness of the fifth-order segment at 
Perth Amboy may be due to the truncation of 
the drainage pattern at the front of the terrace. 
In Figure 4 both the Hughesville and Perth Am- 
boy drainage patterns have short fifth-order 
segments in comparison to that of the Chileno 
Canyon area. This may explain the low fifth- 
order channel lengths and areas for those two 
basins (Figs. 3, 5). 

Horton’s third law (1945, p. 295) states: 
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“There is a fairly definite relationship between 
slope of the streams and stream order, which 
can be expressed by an inverse geometric series 
law.” The Perth Amboy stream slopes appear 
to conform (Fig. 3). In this case the gradient is 
obtained by dividing stream length measured 
from mouth to headwaters by the elevation 
difference. 
Horton’s laws may require revision because HUGHESVILLE 
he obtained his data from old maps of small 
scale on which he measured as stream channels PERTH 
only the blue drainage symbols, thus omitting ausov 
a large part of the first- and second-order chan- 
net network. His statements are sound, how- 
ever, in the light of investigations made on 
modern topographic maps, either mapped for 
the purpose (Perth Amboy basin) or selected 
because of their large scale and detailed repre- susie: elaine 
sentation of topography (Hughesville and Chi- 
leno Canyons quadrangles). These undoubtedly Ficure 4.—Comparison oF SHAPE OF BASIN AND 
afford data more precisely representative of th or Tuner Antas 
P here ‘4 Numbers indicate order of main drainage 
natural development of drainage systems than channels 
the old maps. 
The writer compared the Hughesville and 
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FIGURE 5.—RELATION OF MEAN BASIN AREA AND MEAN STREAM LENGTH TO STREAM ORDER 
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TABLE 2.—DRAINAGE-NETWORK CHARACTERISTICS 
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length of channels close to the maximum value, 


rs perhaps obtainable only by detailed remapping } 
Order | Mean Mean in the field. 
Basin num- length area Sent 
ber Est (ft.) (sq. ft.) |e} Further investigations included map meas. 
=- os urement by polar planimeter of all drainage. 
Perth 1 | 214 10.1 85.0159.9 basin areas. Horton (1945, p. 294) inferred that 
Amboy | 2 45 40.4 343 |40.6 mean drainage-basin areas of each order should 
3 8 242 2360 |33.7 form a geometric series. A plot of the mean 
4 2} 1660 14600 /|18.2 areas of stream basins of each order for the 
5 1, 3530 31000 {11.1 three basins compared above (Figs. 3, 5) reveals 
Chileno 1 | 296, 482 167000 this relationship. A fourth law of drainage com- 
Canyon | 2 2560 Pome position may therefore be formulated in the 
3 style set by Horton: the mean drainage-basin 
5 1 1254000 | 86100000 areas of streams of each order tend to approxi- 
Hughes- 1 1150} 1420 781000 mate closely a direct geometric series in which 
ville 2 | 371 6860 | 2540000 the first term is the mean area of the first-order 
3 8 | 28400 | 12000000 tasins. It could be assumed that such a rela- 
4 2 |180000 | 78800000 tionship would exist if there were any connec- 
5 1 |397000 |154000000 tion between the length of a stream and the 
size of its drainage basin. 
AREA 1000 ft* (PERTH AMBOY) 
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i m 
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1,000,000 ft? 


(HUGHESVILLE & CHILENO CANYON) 
FiGuRE 6.—RELATION OF MEAN STREAM LENGTH OF Eacu ORDER TO MEAN BasIN AREA OF EACH ORDER 


Chileno Canyon maps with aerial photographs 
so that the blue drainage lines could be ex- 
tended to what appeared to be the correct 
length and small tributaries were also added to 
the drainage pattern. This method brought the 


In Figures 3 and 5 the parallelism of the plots 
of mean stream length and mean drainage-basin 
area is striking and suggests a directly propor- 
tional relationship between the two. Figure 6 
shows a plot of the mean drainage-basin areas 


value, 


lapping 


Meas- 
ainage- 
ed that 
should 
Mean 
or the 
reveals 
com- 
in the 
»-basin 
)proxi- 
which 
t-order 
rela- 
onnec- 
id the 


HLON31 


0001) 


CHARACTERISTICS OF THE DRAINAGE NETWORK 


and mean stream-channel lengths for the three 
areas. The scatter of the Perth Amboy data 
is slight around a regression line fitted by the 
method of least squares and is described by the 
regression equation Ye = 56.8 + 8.77X. The 
ratio between mean area and length values is 
thus approximat=ly 9. The calculated ratio for 
the Chileno Canyon basin is 339 and for the 
Mill Dam Run basin 388. 

The significance of the ratio is that it repre- 
sents in square feet the area required to main- 
tain 1 foot of drainage channel. It is the quan- 
titative expression of one of the most important 
numerical values characteristic of a drainage 
system: the minimum limiting area required 
for the development of a drainage channel. 
This value, the constant of channel maintenance, 
is a measure of texture similar to drainage den- 
sity; it is in fact, equal to the reciprocal of 
drainage density multiplied by 5280 (because 
the channel-maintenance ratio is expressed in 
square feet while drainage density is expressed 
in miles). Along with drainage density this con- 
stant is of value as a means of comparing the 
surface erodibility or other factors affecting 
surface erosion and drainage-network develop- 
ment. A related texture measure is Horton’s 
(1945) length of overland flow, the distance 
over which runoff will flow before concentrating 
into permanent drainage channels. The length 
of overland flow equals the reciprocal of twice 
the drainage density. 

The discovery of the above relationship per- 
mits statement of a fifth law of drainage com- 
position: the relationship between mean drain- 
age-basin areas of each order and mean channel 
lengths of each order of any drainage network 
is a linear function whose slope (regression co- 
efficient) is equivalent to the area in square feet 
necessary on the average for the maintenance 
of 1 foot of drainage channel. This law requires 
an orderly development of any drainage net- 
work, for the extension of any drainage system 
can occur only if an area equal to the constant 
of channel maintenance is available for each 
foot of lengthening drainage channel. 


Limiting Values of Drainage Components 

In addition to a lower limiting area necessary 
for channel maintenance there may be expected 
upper limits to basin areas and stream lengths 
of each order beyond which new tributaries or 
bifurcation occurs, forming new basins. These 
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relationships would appear in frequency-dis- 
tribution histograms of the basin areas and 
stream lengths of each order and further con- 
firm the principle of a channel-maintenance 
constant. 

Frequency-distribution histograms of the 
stream lengths and basin areas show a marked 
right skewness, which appears to be corrected 
by plotting log values on the abscissa (Figs. 7, 
8; Tables 3, 4). All measurements are made on a 
topographic map and are therefore taken from 
the horizontal projection of the drainage-basin 
elements rather than from true lengths and sur- 
face areas. Frequency-distribution study is 
limited to the first two orders by the small 
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number of streams in the third and higher or- 
ders. A study of the first- and second-order 
basin areas and interbasin areas may be ade- 


TABLE 3.—FREQUENCY DistTRIBUTIONS OF LoGs 
OF CHANNEL LENGTHS* 


| Class mid-values in logs of 


Sample | lengths in feet eh oe 
| 
— |} ——$ | — 
H | | 
First order | } | 
channels 1i 17| 45, 58, 30 6 |...| .92).302.214 
Second- 
4) 7 14| 14! 1/1.54| .21/ 45 


* In this and all following tables and figures, X is the 
arithmetic mean, s is the standard deviation, and N is the 
number of items in each sample. 
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irregular, wider than long, or were on rounded 
spurs where the divergence of orthogonals 
downslope prevents the concentration of run- 
off. From this investigation alone it is difficult 
to set limiting area above which channel de- 
velopment may be expected on the interbasin 
areas, especially since the comparison of tri- 
angular interbasin areas with elliptical first- 
order basins is questionable. 

Areas of first-order basins rise sharply at the 
10-square-foot class limit. Two first-order basins 
of less than 10 square feet were mapped by 
Strahler and Coates, but a field check revealed 
that these did not contain permanent drainage 
channels. The fact that areas of less than 10 
square feet are remarkably free of drainage 
channels coincides with the concept of a con- 


TABLE 4.—FREQUENCY DISTRIBUTIONS OF LOGS OF DRAINAGE-BASIN AREAS 


Class mid-values in logs of area in square feet 
Sample xX 
11] 13] 154 171 19 | 21 | 23] 25 | 2.7] 29] 3.1 
First-order areas 17 | 34) 45 | 50 | 34} 12! 8] 11311] 1 ]...]1.79].19 |214 
Second-order areas | 2} 7/11 745] 1 (2.45).284) 45 
quate, however, to determine if transition 
phase exists between orders. ’ \ 


Between adjacent drainage basins are inter- 
basin areas, those roughly triangular areas 
which have not developed a drainage channel 
(Fig. 9), but which drain directly into a higher- 
order channel. The histograms of first- and 
second-order basin areas and interbasin triangu- 
lar areas are superimposed in Figure 10 (Ta- 
ble 5); the histograms of first- and second-order 
stream lengths are compared with maximum 
interbasin-slope lengths in Figure 11 (Table 6). 
Figures 7 and 8 compare the histograms of the 
logarithms of basin area, channel length, inter- 
basin areas, and interbasin maximum lengths. 
The discussion of limiting values of drainage 
components may be followed on either set of 


An overlap between the areas of each histo- 
gram suggests that transformation from first to 
second order takes place within a wide range 
of values. In Figure 10 interbasin areas show a 
sharp decrease in frequency for areas above 50 
square feet, which is well below the mean of the 
first-order areas. Of the 27 interbasin areas over 
50 square feet, 12 seemed capable of developing 
a channel at any time; the remaining 15 were 
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FIGURE 9.—POSITION OF INTERBASIN AREA AND 
METHOD OF CLASSIFYING STREAMS BY ORDER 
NUMBER 


stant of channel maintenance of about 9 (8.77). 
Thus, no permanent channel will develop with- 
out a drainage area of about 10 square feet, 
while the channel can lengthen only with the 
average increment of 9 square feet of area for 
each additional foot of length. 

Most of the overlap between the first- and 
second-order areas falls between 50 and 150 
square feet, although some first-order areas 
range up to 550 square feet. Again an inspection 
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Ficure 10.—FREQUENCY-DISTRIBUTION HisTOGRAMS OF FirsT- AND SECOND-ORDER BASIN AREAS AND 


INTERBASIN AREAS 


TABLE 5.—FREQUENCY DISTRIBUTIONS OF First- AND SECOND-ORDER DRAINAGE-BASIN AREAS AND 


INTERBASIN AREAS 


Sample Class mid-values in square feet 
Mid-values 30 80 |130 |180 {230 |280 |330 |380 |430 480 530 580 630 X isin 
First-order 91 | 73 | 26 | 10 3 7 0 2 0 0 O| 1) 1) 85 | 80/214 
areas 
Mid-values 100 |200 |300 |400 |500 |700 (800 (900 |1000 |1100).. 
Second-order 6 14 7 6 5 3 2 0 1 0 1}...]...|343 |218) 45 
areas 
Mid-values 12.5] 37.5] 62.5) 212.5|237.5 
Interbasin 51 | 28 7 5 5 3 4 3 1 1 . (49.3 | 49108 
areas 
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of individual basin characterstics within the 
zone of histogram overlap is profitable. Of the 
46 first-order areas greater than 110 square 
feet, 29 are of very youthful basins including 
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basins it seems a fair generalization that first. q 
order channels with areas greater than 100 ; 
square feet are unstable and ready for subdivi- | 
sion. 


40; 
30- 
z = 
204 X210.1 
(FIRST 
ORDER) 


X81 


LENGTH) 


%=40.5 (SECOND ORDER) 


( 


80 120 


CHANNEL LENGTH (FEET) 
FIGURE 11.—FREQUENCY-DISTRIBUTION HISTOGRAMS OF FIRST- AND SECOND-ORDER CHANNEL LENGTHS 
AND Maximum INTERBASIN LENGTHS 


broad, gently sloping surfaces with only traces 
of channels on the flat undissected divide areas. 
With further development these would evolve 
to a higher order, for their longitudinal profiles 
are still essentially convex-up, retarding rapid 
tributary extension into their headwater areas. 
Thirteen of the 46 are narrow almost rill-like 
basins unable to broaden because of adjacent 
more aggressive basins. The remaining 4 of the 
46 first-order basins larger than 110 square feet 
have no obvious reason for not developing into 
second-order channels. Although it is difficult 
to explain peculiarities of individual drainage 


The smallest second-order channel area is 65 
square feet. The class limits of the second-order 
areas within the overlap are 50 and 150 square 
feet (Fig. 10). Within this size range are six 
second-order basins which have developed trib- 
utaries recently and are capable of enlarging by 
headward extension so that the lowest-fre- 
quency class of the second-order area histogram 
would disappear unless replaced by new units 
created by bifurcation of first-order channels. 
Youthfulness of the entire system at Perth Am- 
boy prevents the recognition of narrow transi- 
tion zones between orders. A similar study in 4 
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in 100 
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fully extended mature drainage system might 
show sharper distinctions. 

In accordance with the fifth law of drainage 
composition, stream-length frequency distribu- 
tions are similar to the area distributions. Maxi- 
mum interbasin-slope lengths cannot be di- 


CHARACTERISTICS OF THE: DRAINAGE:NETWORK 


611 


streams have an upper limiting length between 
9 and 17 feet and an upper limiting area be- 
tween 65 and 110 square feet. The limited num- 
ber of stream orders considered and the subjec- 
tive evaluation of parts of the data make it 
more appropriate to set a lower limit below 


TABLE 6.—FREQUENCY DISTRIBUTIONS OF First- AND SECOND-ORDER CHANNEL LENGTHS AND 
INTERBASIN LENGTHS 


Sample Class mid-values in feet 
First-order lengths 42 |70 |..\40 |..130 |../19 |..) 6 |..| 5 | 1) 1/10.1) 6.08)/214 
Mid-values 18.5]35.5]. .|52.5]. .|68.5]. 186.5}. 103.5). 
Second-order lengths 13 6 1 1 . .|40.4/23.4 | 45 
Interbasin lengths 16 118121 2315 | 35 2 | 2). .|8.06) 4.17108 


rectly compared to actual stream lengths be- 
cause a channel developing on the interbasin 
surface will not extend the entire length of the 
slope. Nevertheless, a sharp drop in frequency 
at 10 feet suggests that at lengths above this 
runoff surfaces are unstable in form and will 
tend to develop channels (Fig. 11). Twenty-six 
interbasin areas with lengths greater than 10 
feet had no channels. Seven were very narrow 
with little drainage area. The remaining 19, as 
previously noted under the discussion of inter- 
basin areas, are irregular or on rounded spurs, 
while 4 seem capable of developing channels. 

The lower values for first-order stream 
lengths are not significant because all channels 
must originate from a point and then lengthen. 
The region of transition between first- and sec- 
ond-order stream lengths lies between 9 and 17 
feet, but 17 feet is not the upper limit of first- 
order lengths. Of 27 streams longer than 17 feet, 
20, within basins considered previously under 
the discussion of areas, were in very youthful or 
narrow basins; the remaining 7 seemed capable 
of change. All but 1 of the 12 second-order chan- 
nels between 10 and 17 feet will continue to 
develop, eliminating these streams from the fre- 
quency class. Youthfulness of the area probably 
masks a more distinct transition zone. 

Within the Perth Amboy drainage network 
there are recognizable limits to the areas and 
lengths of streams of each order. First-order 


which higher orders cannot exist. The first-order 
streams require more than 10 square feet for 
development; second-order streams will not 
normally evolve from first orders until the 
drainage area is equal to 65 square feet and the 
first-order channel is longer than 10 feet. 

The writer remapped the drainage pattern 
in 1952 and compared it with the pattern 
mapped in 1948, aiding the study of channel 
alterations within the zones of transition. In 
all cases the addition of channels occurred only 
in basins above the size limits set from the fre- 
quency-distribution analysis. No channels de- 
veloped on areas less than 10 square feet. Four 
new channels developed on interbasin areas, 
all but one (46.5 sq. ft.) greater than 50 square 
feet. Twelve new tributaries developed on first- 
order channels, forming several new second- 
order basins. Each new basin was youthful (de- 
veloping headward into the as yet undissected 
fills), and almost all exceeded 110 square feet. 
Four were within the transition zone between 
first- and second-order areas. The newer field 
study, therefore, seems to confirm the existence 
of the zones of transition and upper limiting 
values of development related to the constant 
of channel maintenance. The constant of chan- 
nel maintanence, therefore, may be applied to 
the as yet undissected portions of a drainage 
system to aid in the prediction of areas of future 
sediment loss. 
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Form of the Drainage Basins 


In addition to indices of drainage-network 
composition based on stream orders other im- 
portant geomorphic characteristics are shape 
of the basins, relief, surface slope, drainage den- 
sity, and stage of geomorphic development. 
Geomorphic development can be evaluated by 
means of the hypsometric integral (Strahler, 
1952b). If each characteristic had a numerical 
value, comparisons could be made between top- 
ographic units. It may be appropriate to set up 
standards of comparison from the available in- 
formation which can be modified later or re- 
jected if unacceptable. 

Relief is analyzed by a relief ratio, defined as 
the ratio between the total relief of a basin 
(elevation difference of lowest and highest 
points of a basin) and the longest dimension of 
the basin parallel to the principal drainage line. 
This relief ratio is a dimensionless height-length 
ratio equal to the tangent of the angle formed 
by two planes intersecting at the mouth of the 
basin, one representing the horizontal, the other 
passing through the highest point of the basin. 
Relief ratio allows comparison of the relative 
relief of any basins regardless of differences in 
scale of topography. Recent field studies, how- 
ever, reveal that residuals or abnormally high 
points on the divide should be ignored when 
obtaining the total relief of a basin (Hadley and 
Schumm, In preparation). 

The shape of any drainage basin is expressed 
by an elongation ratio, the ratio between the 
diameter of a circle with the same area as the 
basin and the maximum length of the basin as 
measured for the relief ratio. This ratio is the 
same as the Wadell sphericity ratio used in 
petrology (Krumbein and Pettijohn, 1938, p. 
284), where the ratio approaches 1 as the sedi- 
ment grain, or in this case the shape of the 
drainage basin, approaches a circle. Miller 
(1953, Ph.D. dissertation, Columbia Univer- 
sity) used a similar measure, the circularity 
ratio, which is the ratio of circumference of a 
circle of same area as the basin to the basin 
perimeter. 

Table 7 compares Strahler’s data (1952b, p. 
1134) on five mature drainage basins with the 
writer’s data obtained from the more youthful 
Perth Amboy and Hughesville areas and the 
Chileno Canyon area. 
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The writer compared relief ratio and drainage 4 
density for fourth- and fifth-order channels 7 
(Fig. 12, Table 7) and found a definite positive | 


trend in the mature basins. Points for the | 


youthful Hughesville and Perth Amboy basins [ 
displace upward to positions well above the [ 


TABLE 7.—DRAINAGE-BASIN CHARACTERISTICS 


a 
A |a lm] 
1. Gulf Coastal Plain| 4.6).008}.975| 0.33) 5.9 
2. Piedmont 6.9} .025).935) 1.13) 17.5 
3. Ozark Plateau 13.8] .062}.692) 3.52) 53.7 
4. Verdugo Hills 26.2) .245) .594/22.46) 99.0 
5. Great Smoky Mts.| 86.7 
6. San Gabriel Mts. | 15.6].220}.675]17.2 | 73.4 
7. Hughesville 13.6} .006}.730); 0.22) 7.0 
8. Perth Amboy |110.8 


trend line. When the values for the individual 
third-order basins of each of the two youthful 
areas are plotted (Fig. 13), the points show a 
positive trend similar to the plot of the mature 
basins. Thus, within homogeneous areas of 
similar development the drainage density is 4 
power function of the relief ratio. 

In Figure 14 the relief ratio shows a close 
correlation with stream gradient. The gradient 
values are means for the entire stream length 
and thus would approach the value of the relief 
ratio if the stream length was measured to the 
drainage divide. In general, the gradient s0 
measured will be less than the relief ratio, for 
meandering or the usual lack of straightness of a 
channel will increase the stream length beyond 
the drainage-basin length. 

Valley-side slope angles are also clearly re- 
lated to the relief ratio. In Figure 15 three 
values would lie well to the right of a line fitted 
to the other points. This may be the result of 
obtaining the mean slope values from topo- 
graphic maps in these cases; all the data were 
not measured in the field, and slopes measured 
on maps usually are lower than field measure- 
ments (Strahler, 1950, p. 692). 

In Figure 16 the shape of the drainage basin 
is plotted against relief. The trend is negative 
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and may indicate that as the relief ratio in- 
creases the drainage basin becomes more elon- 
gate. The data are not conclusive, but the 
steeper the slope on which small basins develop 
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FicurE 12.—RELATION OF DRAINAGE DENSITY TO 
RELIEF RATIO 


Numbers refer to basins described in Table 7 
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Figure 13.—RELATION OF DRAINAGE DENSITY TO 
RELIEF Ratio OF THIRD-ORDER BASINS 


the more closely spaced are the drainage chan- 
nels, resulting in more elongate basin shapes. 

One practical application of the relief ratio is 
in estimation of sediment loss. Figure 17 shows 
the direct relation between mean relief ratio for 
several areas in Utah, New Mexico, and Ari- 
zona and mean annual sediment loss as esti- 
mated from sedimentation in small stock reser- 
voirs. Once the characteristic regression trend 
has been established for a region the investi- 
gator may select areas of high potential sedi- 
ment production from topographic maps 
(Schumm, 1955). 

Various interrelationships among drainage- 


basin characteristics have been previously de- 


termined. Langbein (1947, p. 125) states that 
steep land slopes are generally associated with 
steep channel slopes and fine texture, and that 
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Ficure 14.—RELATION OF MEAN STREAM 
GRADIENTS TO RELIEF RATIO 
Numbers refer to drainage basins described in 
Table 7 


8 


SLOPE ANGLE (%) 


Ol 0. 1.0 
RELIEF RATIO 


FIGURE 15.—RELATION OF MEAN MAximMuM-SLOPE 
ANGLES TO RELIEF RATIO 
Numbers refer to drainage basins described 
in Table 7 


altitude of a basin above its outlet increases 
with steepening land and channel slopes. Paul- 
sen (1940, p. 440) found that infiltration in- 
creases with decrease in mean land slope, ex- 
plaining in part the increase of sediment loss 
with the relief ratio. Strahler (1952b, p. 1136) 
observed that the hypsometric integral de- 
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creased as basin height, slope steepness, gra- 
dient, and drainage density increased. 
Although more data are desirable the rela- 
tionships observed suggest that the geomorphic 
character and even rates of erosion may be pre- 
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maturity and old age. A unique opportunity 
to study stage changes was afforded by the 
developmental sequence of drainage basins 
tributary to the main channel at Perth Amboy. 
Eleven second-order drainage basins forming a 
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FiGuRE 16.—RELATION OF ELONGATION RATIO TO RELIEF RATIO 
Numbers refer to drainage basins described in Table 7. 


dicted from the relief ratio, although it is only 
a geometrical element which is probably related 
to lithology, structure, stage, vegetation, and 
climate. 

The above relationships when considered in 
the light of recent discussions of the quasi equi- 
librium between the hydraulic and geomorphic 
characteristics of stream channels (Leopold and 
Maddock, 1953; Wolman, 1955; Leopold and 
Miller, in press) suggest that when more in- 
formation becomes available this concept of 
quasi equilibrium in graded and ungraded 
stream channels may extend to the landforms 
adjacent to the stream channels, and close in- 
terrelationships may be found among the geo- 
morphic, hydrologic, and hydraulic character- 
istics of a topographic type. 


Basin Form Related to Geomorphic Stage of 
Development 


During geomorphic development basin forms 
change with time. According to the classic 
Davisian analysis, relief, slope of valley walls, 
stream gradients, and drainage density increase 
rapidly during youth to a maximum in early 
maturity, then decline slowly throughout later 


sequence from earliest youth to late maturity 
were selected for map study and a comparison 
of hypsometric integrals. The hypsometric in- 
tegral is a measure of stage (Strahler, 1952b) 
because it expresses as a percentage the mass of 
the drainage basin remaining above a basal 
plane of reference. 

Figure 18 shows hypsometric curves plotted 
for each basin in the sequence. Data are ob- 
tained from the topographic map by measuring 
the total area of each basin with a planimeter, 
then measuring the area between each contour 
and the basin perimeter above it. Each area 
is converted into a percentage of total basin 
area, so that a cumulative percentage curve 
can be plotted, each area value corresponding 
to a percentage of the total height of the basin. 
Using this hypsometric curve it is possible to 
read the percentage of total basin area above 
any percentage of total height. The area-alti- 
tude relations of the basin are thus revealed by 
a curve illustrating in dimensionless co-ordi- 
nates the distribution of mass within the drain- 
age basin (Langbein, 1947, p. 140; Strahler, 
1952b). Area under the hypsometric curve is 
the hypsometric integral, expressed as per cent- 
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An integral of 60 per cent indicates that erosion 
has removed 40 per cent of the mass of the 
basin between reference planes passing through 
summit and base. Strahler (1952b) discussed 
in more detail the hypsometric curve and its 
use in geomorphic research. 
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Figure 17.—RELATION OF MEAN ESTIMATED 
ANNUAL SEDIMENT Loss TO RELIEF RATIO 


From the U. S. Geological Survey studies of 
— sedimentation in New Mexico, Arizona, 
an 


The 11 second-order basins selected for this 
study were of approximately the same area so 
that the series of hypsometric curves illustrate 
basin development with time accompanying 
lowering of the main channel through 40 feet of 
total relief. The convex curves with high inte- 
gtals (Fig. 18) reveal youthful inequilibrium; 
the curves of more mature basins show the 
beginning of the typically mature sigmoid 
curve. The percentage curves cannot show con- 
tinued down-wasting of the basin, because when 
maturity is reached curves tend to stabilize 
between integrals of 40 and 60 per cent. Strah- 
ler uses this stable integral as the point of onset 
of the equilibrium stage of drainage-basin de- 
velopment. Only basins containing monadnocks 
of resistant rock develop integrals markedly 
less than 40 per cent. 

A better picture of the sequence of natural 
basin changes in terms of total erosional reduc- 


tion may be obtained by plotting percentage of 
area against percentage of total elevation of 
the terrace at Perth Amboy rather than against 
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Ficure 18.—SEQUENCE OF SECOND-ORDER Hypso- 
METRIC CURVES 
From Perth Amboy. 
Numbers increase from youthful to mature 
basins 
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Ficure 19.—SEQUENCE OF SECOND-ORDER Hypso- 
METRIC CURVES 


Per cent area is plotted against per cent of total 
relief at Perth Amboy. Numbers increase from 
youthful to mature basins and are the same areas 
as shown in Figure 18. 


total relief within each basin. This method 
(Fig. 19) is more satisfactory because the square 
in which the curves are plotted may be visual- 
ized as a vertical section through the entire 
terrace at Perth Amboy. Each curve occupies 
its true relative vertical position within that 
mass and reveals the degradational history of 


ortunity 
> basins 
Amboy, 100 = 
60 
WN 
. SY 
\ 
5 
S40 " 
EQUILIBRIUM \ 
FORMS \ 
- 
5 20 40 60 80 100 


616 


the basin. The 100 per cent elevation line 
should be visualized as the upper surface of the 
terrace, the base as the level of the main 
stream’s mouth. The right edge of the chart is 
the locus of points of junction of second-order 
tributaries with some higher-order stream. Each 


TABLE 8.—DRAINAGE-BASIN CHARACTERISTICS OF 
THE SECOND-ORDER SEQUENCE 


Per cent Relief Elonga- | Gradi- 
number ratio ae %) (mi-/sa 
1 2.4 .049 | .993 | 4.0 553 
2 4.9 | .121 | .648 | 14.4 504 
3 5.6 .158 | .595 | 18.6 270 
4 9.5 .156 | .645 | 21.8 241 
5 32 .330 | .783 | 42.0 672 
6 | $2.0 560 
7 39.8 .590 | .507 | 58.3 610 
8 50.8 .660 | .473 | 67.5 895 
9 60.8 | .710 .474| 65.5 1230 
10 64.6 .620 | .478 | 51.5 1150 
11 77.0 .690 | .530 | 50.7 | 1320 


line represents the distribution of mass within 
a second-order basin at a different stage of de- 
velopment, the position of its mouth controlled 
by the degrading stream to which it is tributary. 

To determine the nature of basin-form 
changes with time, or stage of evolution, an 
important index is the percentage of mass re- 
moved at each position in the sequence of 
basins. This value, obtained by measuring the 
area above each curve and comparing it to the 
total area of the diagram, is a measure of the 
mass removed in relation to the total available 
for removal. 

Percentage of mass removed, relief ratio, 
stream gradient, basin shape, and drainage 
density were determined for each of the 11 
basins whose curves are drawn in Figure 19. 
The data for each basin in the sequence (Table 
8) are plotted against corresponding per cent of 
mass removed (Fig. 20). The plot of relief ratio 
with per cent removed (A) reveals that with 
initial dissection the relative relief rapidly in- 
creases. A sharp break in the continuity of the 
plot occurs when approximately 25 per cent of 
the mass of the basin is removed, after which 
the relief ratio remains almost constant to 8 
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per cent of mass removed; beyond 80 per cent, 
data are lacking. 

The stream-gradient plot (B) shows a similar 
form. The rapid increase in gradient is checked 
at approximately 25 per cent of mass removed; 
a decrease in gradient sets in at the upper part 
of the plot after a maximum value reached at 
50 per cent removal. This agrees with the typical 
descriptive concept of stream development, but, 
in comparison to the rapid early increase in 
gradient, the portion of the plot above 25 per 
cent is essentially constant. 

Maximum slope angles were not obtained for 
each basin, but, because these values cluster 
closely about a mean value for any homogeneous 
area (Strahler, 1950, p. 685), and because the 
close relationship between stream gradients and 
maximum slope angles has been established 
(Strahler, 1950, p. 689), any plot of slope angles 
and mass removed would be expected to ap- 
proximate the gradient curve. 

The relationships of basin shape and drainage 
density to stage (Fig. 20C, D) are less clear, but 
after early variations in which the basin is 
close to a circular shape the influence of in- 
creased relief is felt and the elongation ratio 
decreases to a constant of about 0.5 at 40 per 
cent mass removal, indicating that the basin 
maximum length is twice the diameter of a 
circle of the same area. The drainage-density 
plot is not regular, probably because of a high 
degree of length variability in the low order of 
the streams used. Nevertheless, the plot sug- 
gests rapid early increase in drainage density, 
followed by a decreasing increment. Probably 
continued headward development of the drain- 
age channels continues until late in the erosion 
cycle, lagging behind the early stability of 
other basin characteristics. If other series of 
basins could be studied similarly, the additional 
data might lead to the establishment of 4 
general system of basin evolution. 

In summary, the form of the typical basin at 
Perth Amboy changes most rapidly in the 
earliest stage of development. Relief and 
stream gradient increase rapidly to the point at 
which about 25 per cent of the mass of the basir 
has been removed, then remains essentially 
constant. Because relief ratio elsehwere has 
shown a close positive correlation with stream 
gradient, drainage density, and ground-slope 
angles, stage of development might be expected 


\ 
' 
‘ 


er Cent, 


similar 
*hecked 
moved; 
er part 
ched at 
typical 
nt, but, 
ease in 
25 per 


ned for 
cluster 
eneous 
ise the 
its and 
lished 
angles 
to ap- 


ainage 
ir, but 
sin is 
of in- 
ratio 
10 per 
basin 
of a 
ensity 
high 
der of 
nsity, 
bably 
lrain- 
osion 
of 
es of 
ional 
of a 


in at 


to have little effect on any of these values once 
the relief ratio has become constant. 

The Perth Amboy data thus support the 
concept of a steady state of drainage-basin de- 
velopment as outlined by Strahler (1950, p. 676) 
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establish major drainage divides; the relief 
ratio then reaches a fixed value, but changes in 
channel network continue until a large portion 
of the basin mass is removed. Thus, the relief 
ratio becomes fixed before other network charac- 
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FicurE 20.—RELATION OF Mass REMOVED WITHIN A BASIN TO RELIEF RATIO, GRADIENT, ELONGATION 
Ratio, AND DRAINAGE DENSITY 


who compares a graded drainage system with 
an open dynamic system in a steady state: 


“In a graded drainage system the steady state 
manifests itself in the development of certain 
topographic form characteristics which achieve a 
time-independent condition. (The forms may be 
described as “equilibrium forms”). Erosional and 
transportational processes meanwhile produce a 
steady flow (averaged over periods of years or tens 
of years) of water and waste from and through the 
landform system.... Over the long span of the 
erosion cycle continual readjustment of the com- 

ments in the steady state is required as relief 
lowers and available energy diminishes. The forms 
will likewise show a slow evolution.” 


This hypothesis of time-independent forms 
and basin characteristics is supported by the 
constancy of the values of the basin parameters 
in the Perth Amboy sequence of second-order 
basins, once the amount of mass removed has 
exceeded 25 per cent. 


EVOLUTION OF THE DRAINAGE NETWORK 


Effect of Stage on Angles of Junction 


In the early stage of basin development 
Stream channels grow headward until they 


teristics become constant. This is especially true 
of drainage density in the Perth Amboy area. 

Angles of junction of tributaries, resurveyed 
in 1952, showed some marked differences from 
corresponding angles in the 1948 map. The 
writer reasoned that systematic changes were 
occurring in the drainage pattern as a normal 
part of the erosional development of the basins. 
Horton (1945, p. 349) recognized that the course 
followed by a new tributary is governed by 
both the slope of the ground over which it 
flows and the gradient of the channel to which 
it is tributary. Where the ground slope is great 
in relation to the gradient of the master stream 
a tributary joins at almost right angles; where 
master-stream gradient and vallev-side slope 
are almost the same the tributary almost 
parallels the main channel, joining it at a small 
angle. Horton expresses this as follows: 


cos Zc = tan Sc/tan Sg 


where the cosine of the entrance angle or angle 
of junction, measured between the tributary 
and main channel above the point of junction, 
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equals the ratio of the tangent of the main 
channel gradient to the tangent of the gradient 
of the tributary stream or of the ground slope 
over which the tributary flows. It follows that 
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ANGLES (DEGREES) 


FiGuRE 21.—FREQUENCY-DisTRIBUTION HuisTo- 
GRAMS OF YOUNG, MATURE, AND COMBINED 
ANGLES OF JUNCTION 


during the early part of basin development, 
stream-entrance angles change with stream 
gradients. 

Thus, a tributary will develop with an ini- 
tially large angle of junction; then as the ratio 
between the two gradients increases the angle 
of junction decreases. Horton notes that as the 
ratio increases from 0.3 to 0.9 angles decrease 
from 72.3° to 25.5°. The decrease is accom- 
plished by lateral migration of the tributary 
toward the main channel and down-valley shift 
of the junction. 

The writer measured 61 entrance angles on 
the 1948 Perth Amboy map. The frequency- 
distribution histogram is broad and flat- 
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topped with angles ranging from 24° to 9° 
(Fig. 21C; Table 9). 

If the assumed changes occur, then by classi- 
fying all entrance angles according to stage of 
development of their tributary drainage basins 
a significant difference should occur between 


TABLE 9.—FREQUENCY DISTRIBUTIONS OF ANGLEs 
OF JUNCTION 


Class mid-values in degrees 
Sample Ris 
25 | 35 | 45 | SS {65/75/85 


Combined 4/8 | 8} 14) 8/10) 7/56.8)17.6)59 


angles 
Mature | 2) 1165.2/15.3/26 
angles 
Young 7 | 6} 6/46.2/14.9/33 
angles 


the means of youthful and more mature basins. 
The basins were separated into two groups on 
the basis of the existence of flat, undissected 
areas within the drainage areas, classifying as 
young basins capable of headward extension or 
having undissected areas within their drainage 
areas. The frequency-distribution histograms of 
each group (Fig. 21) show an expected overlap, 
but the means of the two groups are signifi- 
cantly different as judged by a #-test. The mean 
of the youthful class is 65°, that of the older 
group 46°. The probability that such a differ- 
ence or greater would occur by chance alone is 
about 1 in 10,000. A reasonable explanation of 
the observed difference in angles is the shifting 
of tributary channels in response to changes in 
the gradient ratio. 

A similar test was applied to angles of bi- 
furcation, defined as the angles between two 
approximately equal first-order branches. In 
this case, the stream has bifurcated at its upper 
end, whereas in the tributary junction referred 
to above a branch has grown from the trunk of 
an existing major drainage line. Twenty angles 
of bifurcation were measured from youthful 
drainage basins having undissected areas. The 
mean is 62.1°, compared with the mean of the 
youthful angles of tributary junction, 65.2°. 
The frequency distributions of both samples 
have such great dispersions that this observed 
difference in means is not significant. 


| 


Remapping of the drainage pattern revealed 
changes in the values of tributary entrance 
angles and angles of bifurcation. Table 10 shows 
data for mean entrance angles and angles of 
bifurcation measured from the 1948 and 1952 
drainage maps. There is a decrease of 5.3° in the 


TaBLE 10.—ANGLES OF BIFURCATION AND ANGLES 
OF JUNCTION 


Standard devia- | Number in 


Mean angles 
tion (s) 


(degrees) 


1948 1952 1948 1952 | 1948 | 1952 


Angles of | 62.1 | 53.3 | 13.4 | 17.5 
bifurca- 


tion 

Angles of 

junction: 

Total 56.8 | 53.6 | 17.6 | 18.5 | 59 | 46 
Young | 65.2 | 59.9 | 15.3 | 17.1 | 33 | 29 
Mature | 46.2 | 43.0 | 14.9 | 14.9 | 26 | 17 


mean of the youthful tributary-junction angles, 
but the standard deviation of each distribution 
is so large that a statistical test of the signifi- 
cance of difference between the means shows 
that such a difference would be expected 
through chance alone 20 per cent of the time 
and is not significant. This is true also of the 
difference between the mature angles, 3.2°. 

The means of the young angles in both 1948 
and 1952 are significantly different from those 
of the mature angles. It is interesting to note 
that the means for the total, youthful and 
mature angles decreased by several degrees 
during the 4-year period. The difference in each 
case is not statistically significant but suggests 
that with more time a significant change might 
occur. 

Only the angles of bifurcation showed a sig- 
nificant reduction, 8.8°, between 1948 and 1952. 
Only 12 of the 20 original angles could be 
recognized and measured in 1952. The extreme 
youthfulness of the newly formed drainage 
basins, with rapid lowering of channel gradients 
in progress, is the cause of the great change in 
bifurcation angle. 

A comparison of the drainage patterns 
showed marked drainage changes. Twelve new 
tributaries were added to the drainage system 
between mappings. Coincidentally, 12 others 
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were eliminated, 6 by abstraction or lateral ex- 
pansion of a more competent neighbor, 2 by 
angle reduction to the minimum with collapse 
of the divide and union of the streams, while the 
remaining 4 were in small, shrinking basins 
surrounded by headward-growing channels. 
Two of these channels were originally near the 
lower limiting area of channel formation, 11.8 
and 15.3 square feet. It is interesting to note 
that both stages of Glock’s (1931) drainage-de- 
velopment series are represented here: exten- 
sion and integration, with abstraction as the 
major process of integration. Capture occurred 
in two other instances. Examples of the 
straightening of the stream channels were 
numerous. 

One other change of pattern noted is the 
lateral shift of the major tributaries toward the 
center of the basin. This migration toward a 
common axis within the system is gradual, but 
the asymmetry of all high-order transverse- 
valley profiles testifies to its presence. 

A series of drainage patterns traced from the 
1948 and 1952 maps (Fig. 22) illustrates some 
of the changes during that period. The basins 
illustrated have steep channel gradients, and 
erosion would be rapid. In addition, the fill is 
easily eroded and presents few structural 
obstacles to drainage-channel modifications. 

The following generalizations summarize 
changes in the drainage network at Perth 
Amboy: A tributary to a channel of higher 
order develops with an entrance angle de- 
pendent on the ratio between channel and 
ground slope. Because of relatively slower de- 
gradation of the main channel, a downstream 
migration of the point of junction occurs with 
lessening of the entrance angle. If the ratio 
between main-channel gradient and tributary 
gradient remains constant (steady state), no 
changes in junction will occur except those 
caused by chance structural irregularities in the 
fill. As channel gradation spreads throughout 
the entire system the main-channel gradient 
will first reach an essentially constant value, 
but the tributary gradient will continue to 
lower, with a lessening of the junction angle. 
When the junction angle becomes very small, 
lateral planation removes the intervening 
divide, and the junction migrates upstream. 
Comparable evolution of stream-entrance 
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angles and drainage patterns in other regions 
may occur only in youthful areas with a high 
relief ratio, but similarities between Perth 
Amboy and other areas in other aspects of 
drainage-basin morphology suggest that similar 


1948 195 


1948 
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In the initial stage the steep front of the ter. 
race was probably strongly rilled. Because the 
upper surface of the terrace drained toward the 
front the rills quickiy advanced across the lip of 
the terrace onto the essentially flat upper 


5,7? 


FicureE 22.—DRAINAGE-PATTERN CHANGES IN SELFCTED BASINS BETWEEN 1948 AND 1952 at PERTH AMBOY 


Basins A, C, and D are steep gradient streams. Basin B is a youthful basin on the upper surface of the 
terrace. Drainage changes are indicated by numbers on the figures: 


1 Angle of junction change 
2 Migration of junction 

3 Bifurcation 

4 Addition of tributary 


changes although perhaps less obvious, are 
nevertheless slowly occurring in all expanding 
drainage systems. 

Because the observed  drainage-pattern 
changes were occurring mainly as the stream 
channels were rapidly downcutting, any uplift 
of a land surface might initiate the same 
changes. Studies of drainage patterns on the 
Pleistocene terraces of the Atlantic Coast, for 
example, might indicate that height above base 
level and stage are correlatable with angles of 
junction. 


Evolution of the Perth Amboy Drainage Pattern 


From the observed systematic drainage 
changes at Perth Amboy and the known de- 
velopment of a network within the limiting 
values of basin area, it may be possible to 
deduce from the existing pattern the initial and 
future patterns. 


5 Angle of bifurcation change 
6 Channel straightening 
7 Elimination of tributary 


surface. The channels most favored by chance 
encounter with weak patches of fill deepened 
and grew rapidly toward the divides of the indi- 
vidual small watersheds. These deeply cut 
permanent channels followed the path of initial 
drainage concentration manifested as faint 
channel traces on the upper surface. Channel 
traces of this type were observed at Perth 
Amboy in areas of headward channel develop- 
ment. The permanent channels follow these 
faint swales on the original surface because 
there the discharge of runoff is concentrated 
from the entire watershed. A headward de- 
veloping incised channel is hydrophilic, ad- 
vancing always toward maximum water supply. 

The most vigorously developing initial rill 
channel thus dominated its less effective neigh- 
bors and established itself as the axis of 4 
broadening ovate drainage basin. Its perma- 
nence was decided initially by a favored po 
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sition in line with the axis of a shallow water- 
shed on the terrace surface from which it was 
supplied with more runoff than its competitors. 
It may also have struck zones of weaker ma- 
terial in its bed. The added runoff allowed 


Ficure 23.—PossiBLE DEVELOPMENT OF ANGLES 
OF BIFURCATION 
(1) Angle remains unchanged; (2) One channel 
becomes dominant; (3) On steepest slopes angles 
decrease and channels unite. 


deepening of the drainage channel with cor- 
responding oversteepening and collapse of its 
valley-side slopes. As soon as lateral expansion 
of the drainage basin produced sufficiently long 
slopes, tributary development set in on these 
slopes. 

As the channel outstripped its neighbors the 
expanding drainage area permitted its bifurca- 
tion. The comparison of angles of bifurcation 
on the 1948 and 1952 maps suggests three 
predictions of possible future development of a 
bifurcated channel: (1) both segments of the 
bifurcated channel continue to grow headward 
unchanged in angle (Fig. 23, 1); (2) one seg- 


ment becomes dominant and straightens its 
channel, while the other segment becomes 


tributary (Fig. 23, 2); (3) on steep slopes the 
angle of bifurcation reduces in accordance with 
the Sc/Sg ratio, and the two segments become 
one (Fig. 23, 3). 

It is postulated that (2) occurred in the early 
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stages of the Perth Amboy development, thus 
forming the first major tributary (Fig. 24, 1, 2). 
The tributary end grew normal to the main 
channel until it came under the influence of the 
forward slope of the terrace when its growth 
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FicuRE 24.—SUGGESTED EVOLUTION OF THE PERTH 
AmBOy DRAINAGE PATTERN 


direction altered and its upper segment de- 
veloped parallel to the main channel (Fig. 24, 
3). Perhaps the next permanent bifurcation was 
as indicated in Figure 24, 3, followed by head- 
ward growth (Fig. 24, 4) and other branches and 
bifurcations to yield the major elements of the 
present pattern (Fig. 24, 5; Pl. 1). 

As these streams incised their channels 
secondary tributaries formed on the slopes of 
the valley walls. These tributaries were under 
the influence of the rapidly degrading main 
channels; many still are in the youthful head- 
water areas. Figure 25 is a frequency-distribu- 
tion histogram of the angles measured between 
tributaries and the segments of the main chan- 
nel (Table 11). The modal class lies between 
limits of 90° and 100°, indicating a right-angle 
pattern in accordance with a low Sc/Sg ratio. 
The earliest-formed of these tributaries became 
the most important and hindered the develop- 
ment of younger neighbors on adjoining slopes. 
This is borne out by the fact that the mean 
distance separating first-order streams along the 
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main channel (4.3 feet) is smaller than the mean 
distance separating first- and second-order 
stream channels (7.6 feet). Order number thus 
provides a rough means of classifying channels 
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Ficure 25.—FREQUENCY-DISTRIBUTION HIstTo- 
GRAMS OF ANGLES BETWEEN TRIBUTARIES 
AND SEGMENTS OF THE MAIN CHANNEL 


TABLE 11.—FREQUENCY DISTRIBUTION OF ANGLES 


BETWEEN TRIBUTARIES AND MAIN CHANNEL 
Mid-values in degrees 

Samp! z s 
75| 85 | 95 105 | 115 125 

Angles of 2/20|40; 13) 2 | 97.6) 10.3) 96 


junction 


according to age; the oldest tributary channels 
have the higher order number. 

The present faintly trellised pattern of the 
principal large-order channels (Fig. 24, 5; 
Pl. 1) is not considered permanent. It is sup- 
posed that the angles of junction become smaller 
with the increased Sc/Sg ratio, and the lateral 
shifting of the larger tributaries toward the 
main channel would result in the acute-angled 
dendritic drainage pattern that is typical of 
mature areas of simple structure. This change 
would involve considerable lateral planation 
and channel straightening, with a modified final 
pattern perhaps like that in Figure 24, 6. 

If, as previously noted, a positive relationship 
exists between stream gradients, maximum 
slopes, and relative relief (expressed as the relief 
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ratio), it follows that the Sc/Sg ratio shoul 
vary as the relief ratio. Because entrance 
angles, and therefore the total drainage pattem, 
are dependent on this Sc/Sg ratio, similar areas 


differing only in relative relief probably haye 


recognizable differences in drainage pattern, at 
least in the early stages of development. 


FrELD OBSERVATIONS AND EXPERIMENTAL 
STUDIES ON THE DEVELOPMENT OF 
BADLAND TOPOGRAPHY 


Field-Erosion Measurements 


Field and experimental work at Perth Amboy 
was designed both to verify conclusions de- 
rived from map analysis and to obtain new in- 
sight into processes operative in the develop- 
ment of erosional landforms of the badland 
type. 

Many recent geomorphic studies have been 
strongly influenced by the work of W. M. Davis 
and Walther Penck. Each approached the study 
of landforms with a separate purpose. Davis 
considered description of landforms for geo- 
graphical purposes the aim of the geomorpholo- 
gist, whereas Penck attempted to use the de- 
velopment of landforms as a key to the Earth’s 
recent structural history and the nature of the 
diastrophic forces. 

A chief point of controversy between Davis 
and Penck is the manner of retreat of slopes. 
Penck (1953) maintained that on a stable mass 
initial stream incision produces steep, straight 
slopes which retreat at a constant angle, that 
upwardly convex slopes indicate accelerated 
uplift, and upwardly concave slopes decreasing 
rate of uplift. Davis (1909, p. 268) imagined 
that the angle of valley-side slopes normally 
declines with time and reduction of relief. 

Erosion on slopes at Perth Amboy was meas- 
ured to clarify the basic geomorphic problem of 
slope retreat under the limited conditions of 
badland erosion. 

The measurement of erosion on the badland 
slopes was accomplished by simple and inex- 
pensive means. Wooden dowels 4 inch thick and 
11g feet long were driven into the slopes at 
1-foot intervals on downslope profile lines, 
orthogonal to the contours from crest to base of 
each slope (Fig. 26), and normal to the slope 
until flush with the surface. 
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Stake profiles were placed on 16 diversely 
oriented slopes, some with sharp crests and 
others with convex divides. On Plate 1, short 
lines labeled “P” locate profile lines. All slopes 
were composed of similar material; all had a 


measurable exposure of the stakes. The length 
of stake exposed, measured to the nearest 
tenth of an inch, indicated the depth of erosion 
at that point on the slope. The last measure- 
ment was made on September 10, 1952, when 


Ww 


Ficure 26.—TypicaL PertH AMBOY SLOPE PROFILES 
Ticks 2 show position of stakes; numbers indicate depth of erosion in inches. Profiles A, B, and 


C are typi 


youthful, degrading, intermittent gully channel 
at the base. Slopes were selected, however, that 
showed no severe effects of rilling and offered no 
problem in the determination of a straight, 
downslope profile line. Slopes ranged from 6 to 
14 feet long. The 16 profiles were installed on 
June 15 and July 1, 1952, but because a negligi- 
ble amount of erosion occurred between those 
dates, they are treated as a group. 

Slope angle and distance between successive 
stakes were measured at the time of installation, 
and the original slope profiles thus plotted. All 
profiles are remarkably straight except for those 
segments forming convex divides or where 
minor irregularities occur (Fig. 26). The 
straightness of profiles is characteristic of 
maturely dissected regions of steep slopes of 
widely differing scales of length, formed under 
various climatic and geologic conditions (Law- 
son, 1932, p. 711; Strahler, 1950, p. 681). 

Measurement of erosion on the slopes began 
after the first runoff sufficient to produce a 


of the area; profile D shows a basal convexity. 


the measurement of slope angle and distance 
between successive stakes was repeated. During 
the 10 weeks of observation the depth of erosion 
differed both from slope to slope and from point 
to point on each slope. Erosion depth was 
greatest on sharp-crested divides and least on 
convex divides, but seemed to be essentially 
uniform along the straight segments of each 
slope, where a mean of 0.9 inch of material was 
removed. 

Only two of the slopes investigated showed a 
measurable change of angle. Both had steep- 
ened, but neither had a simple, straight profile 
at the starting date in June. Slight convexities 
initially existing at the slope base caused in- 
creased erosion at those points so that, by the 
end of the observation period, the characteristic 
straight profile had been restored. Slope D 
(Fig. 26) shows thissteeper basal segment caused 
by rapid channel undercutting. To determine 
significant increase or decrease of slope angle, 
only the straight parts of the profiles were used. 
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Erosion depth obtained from stakes on the 
convex divides, on sharp-crested divides, and in 
channel bottoms were eliminated by discarding 
all values of stakes at the crest or base of the 
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FicurE 27.—REGRESSION FitTED TO A SCATTER 
D1AGRaAM OF DEPTH OF EROSION ON PER CENT 
OF DISTANCE FROM Top OF THE STRAIGHT 
SLOPE SEGMENT 


S. A. SCHUMM—BADLANDS, PERTH AMBOY, N. J. 


erosion depths fall between 0.4 and 1.6 inches, 
On a given profile the depth of erosion was 
generally highly uniform for all stakes, whereas 
the mean depth differed considerably from one 
profile to another. Because absolute values for 
erosion are plotted on the ordinate the broad 
scatter zone produced (Fig. 27) fails to reveal 
the uniformity of erosion depth on a single 
slope. The marked differences in average from 
one profile to the next may be explained by 
variations in microclimatic environment, degree 
of compaction and permeability of the clay fill, 
or by slight compositional variations from slope 
to slope. For example, mean erosion on one 
slope was 0.6 inch but on another 1.3 inches. 
Consequently, when all readings are combined 
on one diagram, the scatter of points is wide. 
A regression line fitted to the points of the 
scatter diagram by the method of least squares 


TABLE 12.—EROSION MEASURED ALONG THE SLOPE PROFILES 


Stake Erosion at each stake in inches 

1 2 3 4 6 7 8 9 1o | 11 | 12 | 13 | 14 
Profile 

A2 8* 4.7 1.4 £2 138 ot 

A3 .8* 3.1 1.0 1.4 | 1.0] 1.1] 1.4 6 

B2 9 8 8 -6 5 .6 

Cc 7 8 6 | 1.0 8} 1.0 6 

D1 8 7 8 9 8 

D2 9 1.0 4 

El 2.3" 8 1.2 1.8 | 1.9] 2.6 

F - 7 6 4 8 8 § | 2.3* 

I .9* 1.0 8 9 4128 9; 1.0 7 6} 6 

L <a” 9 8 9 8 


* Reading eliminated from regression Figure 27. 


slope profile which deviated by 10° or more 
from the straight segment. These values are 
nevertheless listed (Fig. 27; Table 12) with the 
113 readings of erosion depth that remained. 
These remaining values were combined into one 
scatter diagram by the use of a dimensionless 
parameter: per cent of distance from upper to 
lower end of the straight slope segment. Most 


(Croxton and Cowden, 1939, p. 655-657) has 
the equation 


Ye = 0.92 — .00025X. 


A t-test, to determine the validity of the null 
hypothesis that the deviation from zero slope, 
shown by the regression equation, can be at- 
tributed to chance sample variations alone 
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when sampling from a population with zero 
slope, reveals a probability greater than 0.65. 
Thus at least 65 times in 100 this great a 
trend or greater would occur. Lack of significant 
trend suggests that erosion is uniform along 
the straight segment of the slopes. 
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FicurE 28.—REGRESSION LINE FITTED TO Ap- 
JUSTED VALUES OF FicuRE 27 


In order to take into account the uniformity 
of erosion depth on a given slope profile and 
decrease the scatter about the regression line 
the mean of erosion for each slope was adjusted 
by addition or subtraction to equal the mean of 
all, 0.92 inch. Thus independent, and for this 
purpose, irrelevant variations in erosion from 
slope to slope were minimized. For example, to 
the values of one profile for which the mean 
depth of erosion is 0.6, a constant, 0.32, was 
added in order to increase the sample mean to 
0.92. An appropriate constant was subtracted 
from each mean greater than 0.92 and added to 
each less than 0.92. Figure 28 shows the de- 
creased scatter produced by plotting the ad- 
justed values. In addition to adjusting the 
means of each slope profile, the data of one 
profile (Fig. 26, D) were eliminated because the 
basal segment of this slope had been abnormally 
steepened by channel undercutting. Because 
the inclusion of this abnormal profile in the 
regression analysis of Figure 27 did not produce 
a significant trend, its elimination here would 
have little effect on the acceptance of the null 
hypothesis. The regression line fitted to the 
data on Figure 28 has the equation 


= 0.92 — .00014X. 


The estimated standard deviation, s, of the 
regression is decreased by 0.2 inch from the 


value for the unadjusted regression line in 
Figure 27. The probability of this great a de- 
parture from zero slope by chance sample 
variations alone is found to be greater than 70 
per cent, again sustaining the null hypothesis. 
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Ficure 29.—FREQUENCY-DISTRIBUTION HisTO- 
GRAM OF ANGLES BETWEEN STAKES MEASURED 
IN SEPTEMBER SUPERIMPOSED ON HIsTO- 
GRAM OF ANGLES MEASURED IN JUNE 


It is possible to check the conclusion sug- 
gested by the previous tests because the slope 
angles between surface points at successive 
stakes had been measured both at the beginning 
of the investigation and at the end. Conse- 
quently, a lack of significant difference between 
the means of these two slope-angle samples 
would support the hypothesis of uniform 
erosion depth. Again end values deviating 10° 
or more from the straight profile lines were dis- 
carded. One hundred slope angles measured in 
June and July remained, and the corresponding 
angles measured in September were similarly 
selected. Because each angle refers to 1 foot 
only of the slope profile, any change of slope 
angle along the straight slope segment would be 
recorded. Figure 29 (Table 13) shows the 
frequency-distribution histogram of the angles 
measured in September superimposed on that 
of the angles measured in June. The means of 
the two samples differ by half a degree. Because 
the September slope-angle measurements were 
taken at the same profile points as the June— 
July slope angles, the sample data are paired. 
Where sample observations are paired in this 
way the mean of the differences is tested under 
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the hypothesis that this difference is actually 
drawn from a population of differences equal to 
zero. The mean of the differences, Xd, in this 
case is equal to —0.43 (same value as difference 
of means in Table 13); the standard deviation 
of the differences, sg, is 3.09; the standard error 
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Table 13, because the latter uses all 154 variates 
in the first sample. The standard deviation of 
the differences (sq is 3.76; the standard error of 
the mean (sgqa) is 0.308. The value of ¢ is there. 
fore —0.68; the critical value of ¢ at the 5 per 
cent point for 148 degrees of freedom is about 


TABLE 13.—FREQUENCY DISTRIBUTIONS OF SLOPE ANGLES 


Class mid-values in degrees Mean 
data N 
2 | 35 | 38 44 | 47 so | 53 (%) 
June 1 3 14 28 29 15 6 4 43.10 43.13 4.16 | 100 
September 1 13 34 22 17 10 3 43.49 43.56 3.99 | 100 
Class mid-values in degrees Mean | Mean 
data data N 
3558 | 37.5 | 39.5 | 41.5 | 43.5 | 45.5 | 47.5 | 49.5 | sts | 53.5 | 55.5 | 57.5 | 59.5] (X) | (x) 
1949 2 1 0; 2] 21] 28 | 40} 14] 6 1 1 | 49.12) 49.06) 3.69) 154 
1952 6 | 12 | 19 | 25 | 24} 40 | 13 7 48.82) 48.86} 3.72) 149 
of the mean of differences, sga, is 0.309. The 40 . ; 
statistic, ¢, equal to Xd/szga, has a value of 


approximately —1.4. At the 5 per cent level, 
divided into two tails of 214 per cent, each, the 
critical value of ¢ is approximately 1.99 for 99 
degrees of freedom. The statistical hypothesis is 
therefore accepted, and there is no reason to 
believe that the mean angle of the slope between 
stakes has changed appreciably. Thus these 
data suggest uniformity of erosion and parallel 
slope retreat. 

Further information on the uniformity of 
erosion and resulting constancy of slope angle 
is afforded by slope data collected by Strahler 
(1950, p. 680) who measured the maximum 
slope angles at 154 mid-slope locations by laying 
a board 20 inches long on the steepest portion 
of each slope and measuring the slope angle of 
the board with an Abney hand level, plotting 
each location on a map of the area. Using the 
same technique the maximum slope angles were 
measured at the indicated points during the 
summer of 1952. The histograms of the samples 
are superimposed in Figure 30 (Table 13). Here, 
again, the variates are paired in the two 
samples. In the 1952 sample, 5 sample points 
were not relocated, so that 149 pairs are used 
in the ¢-test of mean of differences (Xa) which 
has a value of —0.21. This mean is not exactly 
the same as the difference in sample means in 


70 


Degrees 


FicurE 30.—FREQUENCY-DISTRIBUTION Hisr0- 
GRAMS OF MAximuM-SLOPE ANGLES MEASURED 
tN 1949 anp 1952 


1.97. The hypothesis that the mean of the differ- 
ences is equal to zero is accepted, and we have 
no reason to doubt that the slopes have been 
uniformly lowered, without appreciable steep- 
ening or flattening. 

In summary, three sets of data were used to 
determine any significant change in the depth 
of erosion per unit time along the length of 
straight segments of badland slopes. During the 
period of observation no significant steepening 
or decline in angle was apparent, although 
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erosion varied from slope to slope. The above 
evidence sustains the hypothesis that, with an 
actively degrading stream at its base, the bare, 
unconsolidated, highly cohesive slopes of bad- 
land topography retreat in parallel planes when 
adjusted to the controlling conditions of their 
environment. 

The effect of rilling and frost heaving on 
slopes are discussed below, but the importance 
of these processes does not invalidate the dis- 
cussion of slope retreat under the action of 
runoff alone, for during the measurement of 
erosion depth on the slopes no frost heaving 
occurred and there was no important rilling. 

Channel erosion was also checked by re- 
peated surveying of the main channel. During 
the year of observation this showed slight ag- 
gradation in the lower sections of the channel 
and degradation in the headwater areas. 


Experimental Erosion Measurements and Study 
of Runoff 


Success of the use of wooden dowel rods to 
measure erosion during a short period of the 
study suggested the use of simulated rainfall 
on the slopes to study in more detail the proc- 
esses of erosion and to measure the amount of 
erosion produced by measured amounts of 
precipitation. A 214-gallon hand pump was 
used to simulate rainfall. A horizontal cir- 
cular motion of the pump nozzle delivered an 
approximately uniform intensity of fine spray 
to an area of 36 square inches. Investigations 
were thus limited to areas of this size. 

The following technique gave consistent 
results: The hand pump was filled with water 
to within 6 inches of the top and 50 full strokes 
of the pump provided constant initial pressures. 
When the nozzle was held 18 inches above the 
surface and moved in a circular motion for 5 
minutes about 640 cc were delivered to the 
area. 

Six hundred and fifty cc of water delivered to 
a 36 square inch area was equivalent to 1 
inch of precipitation, a far greater intensity 
(12 inches per hour) than all but the most 
severe natural rains. Because the aim of the 
experiment was to determine the relation be- 
tween slope angle and erosion, the high in- 
tensity of precipitation is not thought to in- 


validate it. On a slope several feet long a heavy 
rain would produce cumulatively an equivalent 
runoff intensity over a small area of the slope 
base, although this flow would enter the area 
with considerable sediment entrained. 
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SINE OF SLOPE ANGLE (GRAVITY FUNCTION) 


FicurE 31.—RELATION OF EROSION TO SINE OF 
Stope ANGLE 


Eroded material collected after ten minutes of 
spraying (2 in. of ppt.) 


Attempts to measure erosion in the field by 
spraying the surface upslope from metal sedi- 
ment traps set in the slope failed because wind 
deflected the spray. Field trials were discon- 
tinued in favor of laboratory studies. 

Sheet metal containers 6 inches square were 
constructed to hold sediment from a com- 
posite sample collected at Perth Amboy, and 
adjustable wooden stand was made to support 
the containers at the required angles (PI. 2, 
fig. 4). The sediment in the container approx- 
imated field conditions: size components of 
the sediment were roughly equally distri- 
buted; surface was smooth and level and 
sealed by clogging of the pores by clay par- 
ticles after wetting (Hendrickson, 1934). 

The container and sediment were placed 
on the wooden stand, and spray was directed 
onto the sediment surface for 5 minutes. The 
eroded sediment and runoff were taken from 
the collecting pan and weighed. 

Figure 31 shows the results of four trials 
where sediment loss in grams is plotted against 
sine of slope angle, termed the gravity function 
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(Strahler, 1952a, p. 928) because it represents 
that proportion of the acceleration of gravity 
acting parallel with the slope and producing 
shear. The regression line representing each 
experiment reveals clearly that erosion on the 
slope is well described as an exponential func- 
tion of the sine of slope angle. A similar rela- 
tionship results if erosion is plotted directly 
against slope angle, changing only the con- 
stants of the regression equations. The total 
volume of runoff from the slopes remained 
essentially consant during each experiment. 
These results appear to agree with those of 
Borst and Woodburn (1940) and Duley and 
Hays (1932) although their values for erosion 
increase more rapidly with increased slope, 
probably because of the greater length of the 
trial plots and the loose plowed surfaces on 
which the water was sprayed. 

The variation in amount of erosion from 
experiment to experiment is attributed in part 
to unrecognized variations in water delivered 
by the spray; experiment 4 was performed on a 
day noticeably colder than the days the other 
experiments were performed. The lower tem- 
perature may have decreased the pressure 
sufficiently to cause decreased water delivery 
and lessening of erosion. 

Although many sources of error existed, a 
consistent relationship within each series 
suggests that, with better equipment, quan- 
titative determination of the relations be- 
tween slope angle, amount and intensity of 
precipitation, soil type, and erosion would 
not be difficult. The Department of Agriculture 
made numerous studies of this type, dealing 
primarily with surfaces representing fallow 
or cultivated plots and rarely with slopes 
greater than 20°. A large field remains for 
further experimentation. 

The effect of increased slope angle on the 
grain size of the eroded sediment was deter- 
mined by sieving the collected samples. The 
samples were arbitrarily separated on the 0.5 
mm (Wentworth’s greater than medium 
sand) and 2.0 mm (greater than coarse sand) 
sieves. It was supposed that with increased 
slope the percentage of larger sizes would 
increase, but instead the percentage by weight 
of sediment greater than 2.0 mm varied only 
slightly from 27 per cent of the total (Table 
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14). The runoff, therefore, had removed a pro- 
portionally equal amount of each grain-size 
component as the slope steepened. 

Although the percentage of each component 
did not change appreciably, the size of the 
largest particle transported increased with 


TABLE 14.—PER CENT BY WEIGHT OF ERropgp 
SEDIMENT GREATER THAN 2 MM 


| | ments | mont’ expe: 
10 27.0 29.0 27.0 27.7 
20 26.8 31.0 atte 28.9 
30 26.7 27.5 26.0 26.7 
40 22.0 earns 18.0 20.0 
50 34.8 26.0 26.0 28.9 
60 a .s 30.0 26.0 27.8 


slope angle. Weight of the largest grain trans- 
ported in experiments 3 and 4 (Fig. 32) is di- 
rectly proportional to the sine of slope. Data 
from experiment 2 is not linear and data from 
experiment 1 showed no consistent relation- 
ship. Deviation from a straight-line relation- 
ship may be due to pump variations, but in 
general the increase of maximum grain size 
transported with slope is attributed to the 
more rapid uncovering of the larger sizes on 
steeper slopes of the originally smoothed plots. 
Therefore, if by chance the largest grain pos- 
sible of transport was not uncovered, the rela- 
tionship would not appear to exist simply be- 
cause of the absence of the larger particles. 
Erosion was greatest on the steepest slopes, 
and even on slopes of the lowest angle used 
(10 per cent), all components of the sediment 
moved in approximately the same proportion, 
but more slowly. The size of the largest particles 
transported on any slope appears to be di- 
rectly proportional to the gravity function. 
Perhaps the most interesting part of the 
study was the observation of the action of 
runoff on the slopes of varying inclination. On 
a 10-degree slope, exposure of the coarser 
grains, as the fine sediment is carried away, 
gave a sandy appearance to the surface. On @ 
30-degree slope the medium-sized particles 
moving downslope jam between larger grains, 
forming miniature dams which check the flow 
of the runoff and pond the water on the slope 
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until the weight of water and sediment is great 
enough to burst this tiny dam. When the dam 
is broken a pulse of water and sediment moves 
downslope with energy enough to move even 
the larger grains. The characteristic arcuate 
ridges of sediment left by check dams on a 
slope can be recognized. Horton (1945, p. 
312-313) discusses surge-flow transport where 
debris on a slope causes the same checking 
and temporary ponding of runoff. Large grains 
on this 30-degree slope are loose on the surface 
and appear ready to move when the force of 
runoff is great enough. The large pebbles are 
undermined. Activity on the 50-degree slope 
is markedly different. Large pebbles are under- 
mined and roll downslope. The cavity left by 
the removal of a pebble allows concentration 
of runoff, and a rill begins headward growth 
even in the small confines of the experimental 
container. The check-dam pattern is strongly 
developed. 

Examination of slopes of different inclina- 
tion after a storm confirms that similar features 
develop in the field. The lower slopes appear 
quite sandy and a casual observer would as- 
sume that the sediment is all sand and gravel. 
On steeper slopes the characteristic check-dam 
patterns develop with evidence of rilling if the 
slope is long enough. Slopes steeper than 50° 
appear stripped of the sand and gravel compo- 
nents, exposing an essentially clayey sediment. 
Spraying water on these slopes in the field de- 
velops similar features. 

Watching runoff on these slopes impresses 
one with the importance of microtopography 
on the runoff. Each grain of sediment assumes 
importance as it checks and deflects threads of 
water moving downslope. Formation of check 
dams causes water threads to move in zig-zag 
paths downslope. Dye placed on the slope 
spreads into a fan shape with apex upslope be- 
cause of interdrainage among the irregular 
interlacing threads of the water current. Turbu- 
lent diffusion of the dye may cause some of this 
spreading, but individual water drops or 
threads widely deflect from straight paths down- 
slope. 

The large pebbles or small cobbles imbedded 
in the slope check water on their upslope sides, 
causing deposition of sediment and partial 
burial of their upslope surfaces. The desilted 


water flows around the pebble, undermining it 
until it rolls downslope. 

Obviously, the term sheet erosion or sheet 
flow does not strictly apply here. Although 
water covers the entire slope, much is merely a 
thin film over the spaces within a network of 


WEIGHT OF LARGEST GRAIN (GRAMS) 


4 6 1.0 
SINE OF SLOPE ANGLE (GRAVITY FUNCTION) 
Ficure 32.—RELATION OF THE LARGEST PARTICLE 
MOVED ON A SLOPE TO SINE OF SLOPE ANGLE 


streamlets flowing around numerous obstacles 
and deflected from a true downslope course. 
Nevertheless, in a general sense in the Perth 
Amboy area, erosion intensity on both convex 
divides and straight slopes is a function of the 
slope angle and is caused by surface runoff, 
whatever the minute variations in its flow. 

Studies of erosion depth on the badland 
slopes at Perth Amboy support the principle 
that the slopes may retreat in parallel planes. 
Straight slopes are obviously the dominant 
form here, as in many other areas of rapid 
channel dissection, but the reason for mainte- 
nance of these straight slopes by runoff is not 
obvious and is contrary to two major theories 
of the action of runoff. 

Lawson (1932) assumes that rainwash ero- 
sion decreases in intensity downslope; he 
criticizes Chamberlin and Salisbury (1905, p. 
59) for stating that it increases downslope. 
Each theory is based on one of two principles, 
both of which seem mathematically valid if the 
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required assumptions are accepted: (1) erosion 
is decreased downslope because of increasing 
sediment load in the runoff; (2) erosion is in- 
creased downslope by an accompanying in- 
crease in runoff discharge, depth, and velocity. 


- JULY 23 


TOTAL 
2.4 A EROSION 
= 2. " 
1.2 7 
8 AUG. 29 
w 


SEPT. 10 


23 4656 6 7 
STAKE WO. 


FicurE 33.—DEptH OF EROSION MEASURED ON 
SLorE PROFILE D DURING THE SUMMER OF 1952 


Stakes are about 1 foot apart. Stake 2 is nearest 
the crest of the slope. Stake 7 is at the base. 


The first principle requires the assumption 
that ample quantities of easily entrained sedi- 
ment are continually available to the runoff. 
This will not always be the case, although when 
a long interstorm period allows the accumula- 
tion of much loose weathered material the 
earliest runoff may be loaded to capacity when 
it reaches the slope base, and this condition 
may persist during an entire storm period. Hor- 
ton (1945, p. 310) quantified the second princi- 
ple, stating that the velocity of runoff is a 
power function of the depth of overland flow 
which increases downslope. He qualifies this 
statement, however, by showing that this 
relation does not exist for subdivided or surge 
flow, the type of runoff that occurs on the 
steeper slopes at Perth Amboy, as evidenced 
by the development of minute check-dam fea- 
tures. Subdivided flow is defined as that oc- 
curring on plots containing vegetation, where 
the runoff expends energy against the stalks 
of the plants and breaks into numerous in- 
dependent streamlets. This description also 
fits the runoff on the Perth Amboy slopes where 
each large surface grain subdivides the runoff. 
Therefore, on anything but extremely smooth 
surfaces, either subdivided or surge flow is 


probably characteristic. Despite increased 
depth of overland flow downslope the resistance 
of large surface grains and the temporary halt- 
ing of the flow by miniature check dams may 
prevent an appreciable increase of velocity 
downslope. Because the development of check 
dams increased with higher slopes, it may also 
increase with runoff depth and velocity. The 
tendency to disrupt and confuse the flow may 
increase to a point where further increase in 
velocity is prevented and a steady state re- 
sults. Thus, erosion may be constant on a 
slope of constant angle as observed in measure- 
ments of slope erosion. If velocity remains 
nearly the same on the entire slope, a straight 
slope may be expected to remain straight as 
long as the stream channel removes the debris 
from the slope base but does not undermine it. 
Measuring and comparing the depth of ero- 
sion on slopes after each of several periods of 
heavy precipitation illustrates the action of 
sheet-wash erosion. Slope D of Figure 26 has a 
marked steepening at its base produced by 
channel undercutting. If erosion is dependent 
on the angle of slope increased erosion should 
occur on the basal segment of slope D, causing 
modification of the entire slope profile. 
The writer measured progressive exposure of 
the rods on the slope profiles at Perth Amboy 
four times. Figure 33 shows the depth of erosion 
at each stake plotted for the four observations. 
The uppermost points indicate total erosion 
depth during the 10 weeks of observation, show- 
ing a marked increase in erosion downslope. 
Stake 2 at the left of the diagram is 1 foot be- 
low the crest of the slope. The stakes were 
installed June 18 and the first measurement of 
erosion on July 23 indicated only that erosion 
was greatest above the break in slope. On Au- 
gust 11, however, the great exposure of the 
basal stake (7) indicated that maximum ero- 
sion was occurring on the oversteepened por- 
tion of the slope. On August 29 the zone of 
maximum erosion had shifted upslope as 4 
pulse of erosion moved upward straightening 
and steepening the slope. On September 10 
the greatest erosion was occurring at the upper 
three stakes, while sediment from upslope 
partly buried the lower three. Continued ob- 
servations on this slope would be expected to 
reveal that further erosion would be essenti- 


mboy 
osion 
tions. 
osion 
show- 
slope. 
be- 
were 
nt of 
‘osion 
1 Au- 
f the 


OBSERVATIONS AND STUDIES ON DEVELOPMENT OF BADLAND TOPOGRAPHY 631 


ally constant, maintaining the restored straight 
slope. Figure 34 shows the two successive 
profiles of slope D in June and September. The 
irregularity has been removed and the slope 
steepened four degrees. 


FicurE 34.—Stope Prorire D IN JUNE AND 
SEPTEMBER 1952 


(A) Profile in June with over-steepened base. 

(B) Same slope in September after straightening 
by erosion. 

No significance should be attached to relative 
vertical spacing of the two profiles. 


Figure 35 illustrates erosion on a slope with 
originally straight profile from crest to base, 
contrasted with the basal slope steepening of 
the previous case. Erosion depth for the upper- 
most stake which was on a sharp-crested divide 
is not shown, for the retreat of the two adjacent 
slopes causes an abnormally large value for the 
lowering of the divide. A geometric construc- 
tion shows that where the retreating valley- 
wall slopes are 45° the crest is lowered in the 
ratio of 1 to /2, or 40 per cent faster than the 
rate of wasting of the valley walls. 

Erosion depths in Figure 35 are not uniform 
along the slope profile in any one short period 
but are essentially uniform over longer periods. 
Compare the erosion depths measured on July 
23 and August 11. Points of deep erosion meas- 
ured July 23 are points of shallow erosion meas- 
ured August 11 except at the lower three 
Stakes. Erosion measured August 29 was less 
at these lower points, compensating for the 


earlier two periods of deeper erosion. Total 
erosion, shown in the upper line, varies between 
0.6 and 0.9 inch, reasonably uniform in com- 
parison with the nonuniform erosion or greater 
erosion at the slope base of the previous case 
(Fig. 33). 

This and other profiles observed at Perth 
Amboy show that runoff erosion depth on 
straight slopes varies from point to point during 
each small unit of time but is essentially uni- 
form over the entire slope length during long 
periods. Slope irregularities cause erosion where 
the slope is steepest and decreased erosion 
where the slope is gentler, thus tending to 
smooth out the irregularities and restore the 
straight profile. The slope angle may increase or 
decrease during this alteration depending on 
how much the stream channel at the slope base 
is actively downcutting. Baulig (1939) has 
stressed the interdependence of all parts of the 
graded slope profile, preventing the indefinite 
perpetuation of irregularities assumed by W. 
Penck (1953). The above studies support Bau- 
lig’s concept. 

If badland erosion is uniform over the 
length of a straight slope and bears an expo- 
nential relationship to the slope angle or gravity 
function, as the Perth Amboy data suggest, the 
concepts of a continual downslope increase in 
the depth, velocity, competence, and eroding 
force must be replaced by a theory of runoff 
as subdivided or surge flow in which runoff 
cannot be directly compared to continuous 
uniform fluid transport, but is more analogous 
to surface creep of soil under the action of dis- 
turbing forces and gravitational stresses alone. 
In the runoff at Perth Amboy each surface 
grain moves intermittently downslope; and its 
average velocity depends primarily on the angle 
of the slope on which it rests rather than on 
distance from top of the slope and slope angle 
combined. The action of runoff and its velocity 
at any particular point is seemingly unrelated 
to the increase in discharge at increasing dis- 
tance from the top of the slope. On materials 
of low infiltration capacity the discharge of 
runoff must increase downslope. There are 
three possible reasons why the rate of erosions 
does not also increase: First, if the sediment in 
suspension and traction moving downslope 
with the water is not deposited, it increases in 
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discharge as the water discharge increases, 
thereby continuously equalling the capacity 
of the flow for debris transport despite an in- 
crease in capacity caused by greater water 
depth. Second, a rapid increase in tractive bed- 
load movement and suspensional movement 
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the erroneous impression that this is the only 
process causing slope retreat at Perth Amboy, 
A study of rill development throughout the 
year indicates that other processes are active. 
The slopes quickly alter appearance as the 
dominant process changes. 
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Ficure 35.—DeEptu OF EROSION MEASURED ON AN INITIALLY STRAIGHT SLOPE DURING THE SUMMER OF 1952 
Stake 2 is nearest the crest of the slope. 


near the bed may reduce bed velocity, thus 
setting up a blocking effect proportional to the 
increase in depth. A steady state, analogous to 
the terminal velocity of a falling raindrop, may 
thus ensue, in which the rate of erosion depends 
only on the intensity of the downslope com- 
ponent of the gravitational force field. Third, 
it may be that neither distance from divide nor 
increased discharge modifies the action of surge 
and subdivided flow. 

Rainwash erosion can be thought of as oc- 
cupying an intermediate position or transi- 
tional stage between surficial soil creep without 
a fluid medium and transport by relatively 
deep channel flow. 


Seasonal Effects on Erosion; the Rill Cycle 


The dominance of erosion by runoff during 
the summer season is conspicuous but may give 


Rills are the first clear manifestation of the 
action of runoff concentrated in definite chan- 
nels. These rill channels do not have a clearly 
delimited drainage area, but are simple, narrow 
troughs eroded into the slope by running water 
and its load of sediment (PI. 3). The rills form 
on smooth valley-side slopes between perma- 
nent drainage channels, although the combined 
erosive power of two or three closely spaced 
rill channels may develop a true permanent 
drainage basin. Rills are ephemeral features 
yet play a varied role in the erosion cycle. They 
aid frost-heaving processes and even alter the 
slope profile. At Perth Amboy rills are es- 
pecially well developed not only because of the 
ease of erosion of the fill but because rapidity 
of channel degradation at the slope base in- 
tensifies the rill cutting. Depth of rills appears 
to be directly related to rapidity of channel 
degradation. 


PLaTtE 2.—PERTH AMBOY BADLANDS 
FicurE 1.—GENERAL View oF West FRONT OF TERRACE AT PERTH AMBOY 
Total relief here is about 40 feet. Intricately dissected terrace front is bordered by alluvial fans 


Figure 2.—East FRONT OF TERRACE AT PERTH AMBOY FROM Pornt NEAR MOUTH OF A 
FirtH-ORDER STREAM 


Figure 3.—TypicaL SMALL SECOND-ORDER DRAINAGE BASIN WITH STEEP STRAIGHT SLOPES 
Flat undissected remnants of the upland surface are visible 


FicurE 4.—EquipMENT Usep For RUNOFF EXPERIMENTS 
Nozzle of sprayer is tied to tripod to maintain constant distance from sediment surface in container 
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A series of photographs from select stations 
illustrates the role of rills in slope erosion and 
the seasonal morphological changes at Perth 
Amboy (Pls. 3, 4). Approximate position of 
camera and scope of photographs are shown on 
Plate 1 by arrows and dashed lines. The fol- 
lowing summary of conditions during the year 
was abstracted from field notes: 

Spring (Pl. 3, fig. 1; Pl. 4, fig. 1): After the 
last severe spring frost, rains begin the de- 
velopment of rills on the slopes. These rains 
cause rapid clearing of drainage channels and 
initiate renewed degradation after sliding and 
slumping of much frost-heaved material into 
the channels during the winter months. 

Rainbeat forms small soil pillars on the 
broader divides. Tributaries begin degradation, 
and small knickpoints form in their channels 
as the tributary profile gradation lags behind 
the rapid degradation of the main channel. 

Summer (PI. 3, fig. 2; Pl. 4, fig. 2): Rills de- 
velop complicated networks on slopes and in 
some basins develop an amphitheater form 
(Pl. 4, fig. 2). Continued lowering of drainage 
channels causes deep rill trenching of adjacent 
slope surfaces. Light rains fill rills with loose, 
easily eroded material, which is flushed out 
during the next rain of moderate intensity. 
The rills extend upslope, but seem to reach a 
limit at about 114 feet from the crest of any 
slope. Figure 2 of Plate 3 shows this rill line 
where runoff concentration attains sufficient 
force to cause rill formation. Here the slope 
may develop a concavity which is due to the 
sudden increase in erosion rate along this line. 

Rills reach maximum development during 
the summer when they have scarred most 
slopes. Torrential rains in some cases seem to 
reduce the number of rills by destroying the 
narrow intervening divides. 

Fall (Pl. 3, fig. 3; Pl. 4, fig. 3): The north- 
facing slopes show the effects of frost first. 
Desiccation fractures develop because of 


evaporation of soil moisture concentrated near 
the surface by freezing (Anderson, 1946). 
Downslope sliding of entire layers of loosened 
material causes long fractures which develop 
along contours at the heads of gully slopes (PI. 
4, fig. 5). Frost heaving breaks and loosens a 
surface crust half an inch thick which was 
formed by surface sealing with fine sediment 
moving downward and clogging the interstices 
under the action of rainbeat (Ellison, 1945, p. 
418). The dominance of creep, rolling, and 
sliding accompanying frost heaving over water 
erosion is obvious in this phase. Rill and gully 
channels are continuously receiving this ma- 
terial which collects until torrential spring 
rains flush the channels. While they persist, 
rills and small gullies act as chutes for rolling 
and falling debris, in some cases building tiny 
debris cones into the adjacent drainage chan- 
nel. Rills decay as the divides break down be- 
tween them. 

Winter (PI. 3, fig. 4; Pl. 4, fig. 4): On a sunny 
day when temperature is near freezing it is 
difficult to climb on south-facing slopes be- 
cause the surface is saturated with water melted 
from ice layers, and additional stress causes 
sliding and mud flowage (Pl. 5, fig. 1). The 
north-facing slopes on such a day are frozen 
(Pl. 4, fig. 6) with a heaved surface produced by 
the growth of needle ice. When these ice nee- 
dles, up to 3 inches long, melt on warm days, 
the surface of the slope moves downward and 
there is a continuous rolling of material into 
channel bottoms. The ice columns raise both 
fine material and pebbles. The entire surface 
heaved above the tops of the wooden rods which 
had been driven flush into the slopes and were 
too deeply imbedded to be disturbed. Beneath 
this layer of banded and needle ice the clay 
was moist but not frozen. If frost penetrated 
deeper into the slopes the effects would be 
greatly increased. 

During the winter the entire drainage basin 


3.—RILL CYCLE 
FicurE 1.—Ritts BEGIN TO DEVELOP ON THE SLOPE AFTER First SPRING RAINS, JUNE 1952 


Ficure 2.—Ritts AT Maximum DEVELOPMENT AT END oF SummMeER, Aucust 1952 
Note rill line 


Ficure 3.—Ritts Becin To Decay AFTER First Frosts, DECEMBER 1952 


FicurE 4.—RILts OBLITERATED FROM SURFACE OF THE SLOPE, Marcu 1953 
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has the appearance of rapid decay. The rills 
are eventually completely destroyed (Pl. 3, 
fig. 4; Pl. 4, fig. 4), and the drainage channels 
clogged with debris. This spring flushing process 
may explain high spring-sediment loads in 
streams draining areas of sediment susceptible 
to frost heaving. Two types of erosion are ac- 
tive in the rill cycle: (1) rainwash in the spring 
and suminer; (2) creep and flowage induced by 
frost heaving and thawing (with some runoff 
from winter rains) during the fall and winter. 
The rill cycle is a product of the two processes, 
one forming the rills, the other healing them. 

Frost heaving during the winter months at 
Perth Amboy is an important factor causing 
slope retreat. The writer obtained no quantita- 
tive measurements of its effect but the slope 
profiles previously studied did not appear sig- 
nificantly altered by it. The lack of significant 
difference between slope-angle samples meas- 
ured in 1949 and 1952 (Fig. 30) substantiates 
this observation. It is possible, however, that 
frost heaving would reduce slopes steeper than 
the angle of repose of the heaved material to a 
lower angle. 


DEVELOPMENT OF EROSIONAL 
TOPOGRAPHY 


CycLE OF 


Relation of Stream Profiles to Slopes 


Initial channel incision caused the steep 
valley-side slopes at Perth Amboy. To under- 
stand the development of these slopes it is 
necessary to examine the way a stream channel 
advances headward into such a terrace. The 
lengthening channel follows the most direct 
path toward the maximum source of runoff and 
extends itself only where the concentrated run- 
off has sufficient discharge and erosion velocity 
to scour the ground below the level of the sur- 
rounding surface. 

The main stream growing back into the ter- 
race at Perth Amboy has three segments (Fig. 
36) recognizable in the longitudinal profile: 
(a) a lower segment concave upward, (b) an 
upper flat segment, essentially a shallow chan- 
nel trace on the upland surface, and (c) a 
convexity separating these two segments. As 
this convexity advances upchannel lengthening 
the lower segment, rapid incision occurs, pro- 
ducing the steep valley-side slopes. 
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Transverse valley profiles taken along the 
same channel profile illustrate this develop- 
ment (Fig. 36): 

Profile 1: Uppermost point on stream profile, 
Runoff following shallow depressions of the 
initial surface caused slight degradation sepa- 
rating broadly convex surfaces. 

Profile 2: Point just above channel convexity. 
More rapid degradation and development of 
true channel with banks indicates nearness of 
convexity. 

Profile 3: Point on convexity, showing point 
of maximum rate of degradation. Incision is so 
rapid that valley sides are vertical and little af- 
fected by runoff erosion. 

Profile 4: Point at lower limit of convexity. 
Degradation of channel is still rapid, but the 
effects of runoff and frost heaving have lowered 
the slopes to near the mean maximum-slope 
angle characteristic of the region. The upper 
portions of the slopes are broadly convex where 
rounding of the intersection between steep 
slope and flat upper surface occurred, as on left 
half of the profile. With the reduction of slopes 
to this characteristic high angle, experimental 
studies of erosion on slopes assume importance 
in the understanding of further slope develop- 
ment. 

Profile 5: Point well down on up-concave 
part of profile. Continued channel degradation 
accompanied by rapid, almost-parallel retreat 
of the slopes has greatly reduced the upper- 
slope convexity. Slopes bordering the main 
channel at and below this point on the longi- 
tudinal profile are commonly slightly up-con- 
cave because of rilling. 

The angle assumed by the steep straight 
slope under the action of the erosive processes 
manifests an equilibrium among the steepen- 
ing and reducing mechanisms. A steeper angle 
would lessen the effect of rainbeat and the 
amount of rainfall per unit area on the slope 
but would increase the component of gravity 
acting parallel with the slope; a gentler angle 
would increase intensity of rainbeat and rain- 
fall but would lessen the influence of gravity. 
More important than an optimum angle for 
combination of rainbeat and rainfall intercep- 
tion in determining the characteristic slope is 
rate of downcutting of the adjacent channel. 
As erosion depth measurements showed, when 
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the base is over-steepened by rapid-channel 
cutting, a wave of erosion travels upslope, re- 
moving a wedge of material and steepening the 
slope. On the other hand, if the streamflow 
failed to remove all the material washed down- 
slope, it would accumulate in the channel and 
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dation of the adjacent channel governs develop- 
ment of the slope. If the channel degradation 
slows by attainment of grade with respect to a 
base level at the drainage-basin mouth, and the 
slopes are no longer vigorously undercut at the 
base, retreat of the slope will slacken with the 
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FicurE 36.—DEVELOPMENT OF VALLEY-SIDE SLOPES 
Numbers on the longitudinal profile indicate the positions of the transverse profiles. The dashed line 


indicates the effect of rills on a slope. 


the slope angle might lower gradually. In small 
drainage basins, however, degrading and ag- 
grading of the stream channel is regulated by 
the discharge and load from the adjacent 
slopes (Strahler, 1950). Slope steepening brings 
more detritus into the channel, causing ag- 
gradation, which reduces basal slope under- 
cutting. On the other hand, lowering of slopes 
brings less detritus into the channel, which 
can then be scoured more deeply, oversteep- 
ening the slopes at the base and initiating a 
compensatory wave of steepening which travels 
upslope. With such automatic blocking mech- 
anisms interrelating the slopes with their ad- 
jacent channels, it is not surprising that a 
characteristic slope angle is maintained, but 
with continued adjustment activities in prog- 
Tess. 

The essential slope element (Fig. 36, profile 
5) is a straight slope at an angle characteristic 
of the region bounded at the base by a degrad- 
ing channel and at the crest by a flat or gently 
convex upland surface. Under the self-regulating 
mechanism described above, the rate of degra- 


result that the upper convexity will become 
important and will extend downslope, reducing 
the length of the straight segment. If channel 
degradation again becomes rapid (e.g., by 
lowering of base level) the rapid retreat of the 
steepened slope segments intercepts this upper 
convexity in a distinct break in slope profile. 
Strahler (1950, p. 803) noted such composite 
slope profiles in the Verdugo Hills and applied 
the same explanation. 

Runoff is the dominant process forming the 
upper slope convexities at Perth Amboy. The 
action of runoff is confirmed in this instance by 
the lack of convexity or rounding of the break 
in slope between upland and valley-side slopes 
where the upper surface slopes away from the 
break (Fig. 37a) preventing runoff from reaching 
it. Some degree of rounding always occurs 
where runoff flows across this break (Fig. 37b). 
Also, erosion increases from a minimum on the 
crest at a convex summit to a maximum on the 
straight segment (Fig. 26). These observations, 
although limited to small-scale features, sup- 
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port Fenneman’s (1908) thesis of rounding of 
hilltops by “unconcentrated wash”’. 

As channel degradation and slope retreat 
proceed the convex divide area is reduced and 
disappears when the slopes intersect forming a 
sharp-crested divide. When the slopes inter- 
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Ficure 37.—EFrFect OF DIRECTION OF DRAINAGE 
OF UPLAND SLOPES ON SLOPE-PROFILE ForM 


sect, lowering of the divide by slope retreat may 
keep pace with channel lowering and the re- 
lief may remain constant (Fig. 38). This condi- 
tion is similar to W. Penck’s (1953, p. 147) 
gleichférmige Entwicklung or “uniform develop- 
ment”. This explains the observed constancy 
of the relief ratio above 25 per cent mass re- 
moval in the Perth Amboy basins. The ideal 
case (Fig. 38a) would not exist in nature be- 
cause degradation in adjacent channels and 
erosion on adjacent slopes is not exactly equal, 
causing shifts of the divide and unequal lower- 
ing. Over a long period these inequalities might 
balance, and the uniform lowering be generally 
preserved over the entire drainage area. 

The entire slope erodes uniformly as long as 
the transporting power of the stream at the 
slope base is undiminished. When the supply 
of sediment is too great for transportation by 
the stream, deposition at the base of the slope 
occurs. This deposit forms a basal up-concavity 
which migrates upslope as deposition continues. 
With basal deposition, waves of slope erosion 
no longer move upslope from the channel wall 
possibly slowing the retreat of the straight 
segment and the planing back of the upper con- 
vexity, allowing it to widen and grow downslope 
to meet the advancing depositional concavity. 
This would yield the characteristic sigmoid, or 
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concave-convex, slope profile of humid regions 
of moderate to low relief. The straight segment 
may be reduced by the encroaching convexity 
and concavity until it becomes the point of in- 
flection of the concave-convex slope, erosion 
predominating above and deposition below. 
On the longer slopes at and downstream from 
the location of profile 5 (Fig. 36) on the main 
channel, the development of closely spaced rills 
on the valley-side slopes causes a slightly con- 
cave-up slope profile illustrated on the right 
side of profile 5. This effect of rilling may be the 
reason for the development of the lower con- 
cave section of a slope, but at Perth Amboy 
when the rills have altered the slope profile this 
way the integration of the rills to form a perma- 
nent channel begins. The concentration of the 
runoff from the many rills forms a hopper-like 
drainage basin (Pl. 4). Possibly only on strongly 
rilled slopes will the basal concavity be an 
erosional rather than a depositional feature. 


Available Relief and the Development of Land- 
forms 


Because a correlation exists between relative 
relief and other drainage basin parameters at 
Perth Amboy and other areas it may be pos- 
sible to predict some effects of dissection in 
areas of widely different degrees of available 
relief but similar in lithology, structure, and 
climate. Glock (1932, p. 75) defines available 
relief as the vertical distance from the initial 
upland surface to the lowest level of channel 
degradation; it is the total relief available to 
the stream channels for dissection. It is reason- 
able to suppose that within one topographic 
type basins of high relief ratio would also have 
high available relief so that whatever relation- 
ships exist between relief ratio and other 
morphological elements (maximum slope angles, 
stream gradients, drainage density, and basin 
shape) would also exist for available relief. 

Glock (1932) compared profiles of areas of 
high, moderate, and low relief; his main conclu- 
sion was that an “upper flat”, the undissected 
upland surface, disappears with increased re- 
lief. His discussion of the evolution of an area 
of high relief agrees with W. Penck’s (1953) 
that in the condition of “uniform develop- 
ment” constant relief may be maintained dur- 
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ing dissection. Glock states that downcutting 
of a thick mass maintains a region of high 
available relief until the lower limit of channel 
degradation is reached, as illustrated in Figure 
38a where the retreating steep slopes intersect 
ina sharp-crested divide which is lowered at the 
same rate as the channel. 

The writer chose the following as illustrative 
examples based on observed quantitative rela- 
tionships between relief ratio and drainage 
density in mature areas of the fifth order: an 
area of high available relief with relief ratio 
greater than 0.15 (Fig. 38a); an area of moder- 
ate relief with relief ratio of 0.04 (Fig. 38b); 
an area of low relief with relief ratio of 0.009 
(Fig. 38c). The range in Figure 12 supplied the 
relief-ratio values, and corresponding drainage- 
density values were read. This is a reasonable 
procedure, for in areas of similar lithology drain- 
age density is related to relief ratio (Fig. 13). 
The values for the length of overland flow (dis- 
tance water would flow from the divide to a 
stream channel) are half the reciprocal of drain- 
age density (Horton, 1945, p. 284). Twice the 
length of overland flow is the average distance 
between adjacent stream channels, and is a 
mean value for the spacing of stream channels 
in any area. The three cross sections of areas of 
high, low, and moderate relief (Fig. 38) were 
constructed so that the distance between divide 
and channel is proportional to the drainage 
density which is in turn proportional to the 
relief ratio for each section. It is now possible to 
compare the three hypothetical areas, remem- 
bering that the fundamental difference is 
available relief; lithology is assumed to be the 
same in each. 

The area of high relief has a relief ratio of 
0.15, a drainage density of 20, and a length of 
overland flow of 0.025 miles. Therefore, the 
following characterize the area (Fig. 38a): 

(1) Degradation of stream channel will be 
rapid. 

(2) Straight slopes will develop early at a 
steep angle characteristic of the area (Stage 1). 

(3) Parallel retreat of the slope will maintain 
the steep maximum angle during most of the 
geomorphic evolution of the area (Stages 1-7). 

(4) Slopes will quickly intersect, eliminating 
the “upper flat” (Stage 4). 

(5) Local relief will remain constant during 


much of the evolution; the mature stage domi- 
nates during the topographic evolution (Stages 
4-6). 
(6) With cessation of channel downcutting 
lateral planation may maintain the characteris- 
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FicurE 38.—DEVELOPMENT OF TOPOGRAPHY IN 
AREAS OF HicH, MODERATE, AND Low RELIEF 


Horizontal and vertical scales: about 1 inch 
equals 0.025 mile or 132 feet 


tic steep angle, but relief will be reduced 
(Stage 7). 

(7) Slope angles will lower as basal deposition 
occurs. Strahler (1950, p. 813) compared mean 
maximum-slope angles of slopes protected at 
their base with slopes with actively degrading 
streams at their base and found a significant 
decrease in angle (Stage 8). 

(8) Continued deposition at slope base will 
result in a concave-convex profile (Stages 9, 
10). Erosion at this late stage may approach 
Lawson’s (1932) postulation that runoff would 
remove lune-shaped segments from the crest of 
hills. Development of drainage basin form at 
Perth Amboy is an example of a region of high 
available relief. 

The hypothetical area of moderate available 
relief (Fig. 38b) has a relief ratio of 0.04, a 
drainage density of 10, and a length of over- 
land flow of 0.05 miles, differing as follows from 
areas of high available relief: 

(1) Degradation will be less rapid. 

(2) The intersection of straight parallel 
retreating slopes will not quickly eliminate the 
“upper flat”. 
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(3) The stage of maturity (maximum relief) 
will be briefer (Stages 4, 5). 

(4) Stream channels will be twice as far 
apart. 

Evolution is not markedly different from the 
region of high relief in early stages, but the 
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FicurE 39.—PossIBLE TOPOGRAPHIC DIFFERENCES, 
AT A LATE STAGE OF DEVELOPMENT, BETWEEN 
AREAS OF ORIGINALLY HiGH, MODERATE, 
AND Low RELATIVE RELIEF 


area is soon one of rounded slopes with decreas- 
ing slope angles (Stages 6-9). 

The hypothetical area of low available re- 
lief has a relief ratio of 0.009, a drainage density 
of 5.0, and a length of overland flow of 0.1 
mile, differing from the others as follows: 

(1) Distance between adjacent channels wil! 
be four times that of the area of high relief. 

(2) Channel degradation is assumed to be 
slow, and incision will be slight. 

(3) Straight slopes never develop, and broad 
convexities characterize the area. (Cf. Fig. 
36, profile 2.) 

This hypothetical discussion takes into ac- 
count the effects of increased relief on topo- 
graphic development within areas of the same 
lithology. In late stages closer spacing of chan- 
nels may distinguish areas of originally high 
relief from areas of originally lower relief. Hy- 
pothetical sections of the three areas (Fig. 39) 
illustrate the expected topography. It may be, 
however, that integration of the systems would 
reduce drainage density, as relief declined, and 
interstream spacing in the later stages, so that 
no basis of comparison would remain. 

This discussion is not intended to set forth 
any cycle of slope development but rather to 
show that diverse slope-profile forms are ra- 
tional parts of sequences in which both parallel 
and declining slope retreat play parts, depend- 
ing on the relative relief at the start of denuda- 
tion and the stage to which reduction of relief 
has progressed. 
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Hypsometric Study of Geomorphic Stages of 
Development 


The classic Davisian geomorphic cycles list 
criteria for delimiting each stage of develop- 
ment of landscape. Many geomorphologists 
have studied the relative time required or the 
proportionate mass removed from any basin in 
each stage. Johnson (1932, p. 488) guessed 
that the youthful stage takes up 15 per cent of 
the total time required for the complete cycle. 
Johnson (1933) also used per cent of total 
erosion as a basis of stage classification, stating 
that youth persists until 30-40 per cent of the 
available mass is removed, on the supposition 
that the initial surface would at this point be 
largely destroyed. Strahler (1952b, p. 1130) 
proposed that the youthful stage persists until 
the hypsometric integral reduces to about 60 
per cent, implying about 40 per cent removal of 
mass. 

Strahler (1952b, p. 1130) states: 


“From the standpoint of hypsometric analysis, the 
development of the drainage basin in a normal 
fluvial cycle seems to consist of two major stages 
only; (1) an inequilibrium stage of early develop- 
ment, in which slope transformations are taking 
place rapidly as the drainage system is expanded 
and ramified. (2) An equilibrium stage in which a 
stable hypsometric curve is developed and main- 
tained in a steady state as relief slowly diminishes. 
The monadnock phase with abnormally low hypso- 
metric integral, when it does occur, can be regarded 
as transitory, because removal of the monadnock 
will result in restoration of the curve to the equi- 
librium form.... The hypsometric curve of the 
equilibrium stage is an expression of the attain- 
ment of a steady state in the processes of erosion 
and transportation within the fluvial system and 
its contributing slopes.” 


The writer studied these concepts in a series 
of second-order basins whose hypsometric 
curves form a series of increasing mass removal 
(Figs. 18, 19). Detailed description of these 
curves has already been presented. To the 11 
basin curves plotted in Figure 19 two hypo- 
thetical curves were added in accordance with 
the supposed further reduction of the basins. 

The curves illustrating the distribution of 
mass within each basin (Fig. 19) demonstrate 
that as erosion continues the following changes 
occur: (1) The point of maximum erosion mi- 
grates toward the head of the basin. The vertical 
distance between curves is greatest near the 
mouth of the basins (right side of illustration) in 
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early stages but is greatest near the basin head 
in later stages (left side of illustration), begin- 
ning with curve 10. (2) The rate of lowering of 
the main channel decreases as the point of 
maximum erosion advances upchannel. Ver- 
tical distance between curves at right side of 


FicurE 40.—CHANGES IN LONGITUDINAL STREAM 
PROFILES AT PERTH AMBOY 

The profiles were measured on four stream chan- 
nels ranging from very youthful to fully mature. 
The lower profile of each pair is a resurvey 1 year 
after the upper profile was surveyed. Relative 
vertical spacing of each pair of profiles has no sig- 
nificance in terms of actual vertical lowering. 


illustration, or mouth of basin, decreases down- 
ward indicating reduced rate of lowering of 
mouth of basin or reduced degradation of main 
channel. (3) The profile of the hypsometric 
curves changes with mass removal from convex- 
up to essentially straight to concave-up. 

Although these hypsometric curves are not 
stream profiles they seem to reflect the activity 
of the stream in each case. Channel degrada- 
tion has not greatly affected Curve 1, for the 
channels are mere traces on the upland surface. 
Curve 2 gives the first evidence of channel 
degradation in the abrupt down bend at the 
right. Curves 2, 3, 4, 5, and 6 reveal succes- 
sively that the deeply incised channel is growing 
headward. At the same time the channel to 
which these basins are tributary is lowering 
rapidly and there is no stable base level at the 
basin mouth. Challinor (1930) stated that a 
stream not controlled by a fixed base level will 
have such a convex profile. 

In the stage of Curves 7 and 8 the main chan- 
nel has ceased rapid degradation and the 


tributaries immediately respond by removing 
convexities in their channels. Continued adjust- 
ment of basin forms brings a concavity to the 
hypsometric curves. Figure 40 shows that 
stream-channel profiles follow a similar evolu- 
tion. 


FicurE 41.—MEtTHOD OF DivmING A DRAINAGE 
BAsIN INTO FivE Equat AREAS AND THE 
SystEM OF NUMBERING 20 PER 
Cent AREA 


Comparing erosion in different areas of a 
basin at successive times further illustrates the 
progress of erosion. The mass removed from 
any portion of a basin can be determined by 
measuring the area above the hypsometric 
curve within limits of that percentage area class 
of the basiri. The basins were divided into five 
equal-area classes bounded by the vertical 
lines for each 20 per cent increase of area. For 
example, the mass removed in the lower 20 per 
cent of the basin area was determined by meas- 
uring with a planimeter the area remaining 
above each curve limited by the ordinates for 
80 and 100 per cent of basin area. The basins 
were thus divided into five equal areas (Fig. 
41) numbered from lowest to highest. To illus- 
trate the progress of erosion within each 20 
per cent unit of basin area, each drainage basin 
represented by a curve in Figure 19 was re- 
plotted as a vertical series of points (Fig. 42). 
The percentage of total mass removed from 
each 20 per cent area unit of one basin is a 
point on the new curve. Five new curves are 
thus drawn, corresponding to each 20 per cent 
area, numbered in accordance with Figure 41 
where the lowest area, nearest the mouth, is 
number 1. These curves then show the changes 
in the relative magnitude of mass removed from 
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each 20 per cent area during the progress of the 
erosion cycle. 

Comparison of Figure 42 with Figure 19 
shows that the shape of each hypsometric 
curve in Figure 19 depends upon which area 
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begins, shown by the steepening of area unit 
curve 5. Beyond 40 per cent total mass re. 
moved the hypsometric curves (Fig. 19) be. 
come increasingly concave from _ increased 
erosion at the basin heads. 


MASS OF 20% GROUP REMOVED (%) 
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FIGURE 42.—RELATION OF EROSION WITHIN Eacu 20 Per CENT AREA OF A BASIN TO TOTAL EROSION 
DURING A COMPLETE GEOMORPHIC CYCLE 


segment is experiencing maximum erosion. 
Erosion in area unit 1 (Fig. 42) is greatest dur- 
ing the earliest stages of basin development but 
begins to decrease at about 25 per cent total 
mass removed (Basin 6) and is markedly de- 
creased at 40 per cent (Basin 7). In Figure 19 
hypsometric curve 6 is the last of the series 
showing a pronounced up-convexity. In Figure 
42, at 40 per cent total mass removed, area unit 
1 has lost 70 per cent, of its mass, whereas area 
unit 5 has lost only 13 per cent. Erosion in area 
unit 5 is minor until 40 per cent total mass re- 
moved (Basin 7), when an increase in erosion 


A comparison of curves in Figure 42 shows 
that erosion is greatest at first near the basin 
mouth (area unit 1) but dominant later in area 
unit 5. Erosion in area unit 1 decreases after 
removal of 25 per cent of the total mass. This 
is the same percentage at which the relief ratio 
becomes constant, for the relief ratio may reach 
a fixed value when the mouth of the stream has 
lowered to local base level. Erosion progresses 
upchannel into the higher area units causing 
modification of the other basin characteristics 
until later in the cycle. 

Beyond 40 per cent total available mass re- 
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moved, all curves of Figure 42 converge toward 
100 per cent mass removal or peneplanation. 
This suggests that in this sequence there is no 
sudden change to an equilibrium stage in dis- 
tribution of erosion but rather a zone of transi- 
tion between 25 and 40 per cent of mass re- 
moval. 

Strahler’s selection of hypsometric integral 
of 40 per cent as the beginning of the equilib- 
rium stage agrees roughly with the curve in- 
flections in Figure 42, although the fortuitous 
occurrence of a basin at 40 per cent total 
available mass removed may give the misleading 
impression that abrupt changes in erosion oc- 
cur at this point. It is safer to say that major 
changes occurred between 30 and 40 per cent. 

Strahler’s equilibrium stage includes both 
maturity and old age stages of the Davisian 
cycle. Observations of basin-form parameters 
suggest subdividing the equilibrium stage into 
two parts. Therefore the equilibrium stage will 
have two phases, one in which the mean values 
for relief ratio, gradient, and basin shape are 
constant or essentially constant, and a later 
phase when these values decrease. The phase 
of constant values would vary in duration; it 
would be shorter in areas of moderate avail- 
able relief and absent in areas of low relief. 
Maturity and old age are thus recognizable in 
the constant and decreasing phase respec- 
tively, within the equilibrium stage of hyp- 
sometric development. 


CoMPARATIVE STUDIES IN BADLAND REGIONS 
OF THE WEST 


Topographic Forms and Erosion Processes 


At Perth Amboy rainbeat and surface runoff 
were the dominant erosion processes active in 
topography development during the summer. 
The writer assumed that in similar badland 
areas in the western United States runoff ero- 
sion would also be dominant, but field observa- 
tions in the Badlands National Monument, 
South Dakota suggested that it was not. 

The presence of two distinct topographic 
forms in the South Dakota area is obvious 
(Pl. 5, fig. 2). Steep sharp-crested slopes with 
4 mean maximum slope angle of 44° develop on 
the Brule formation. The underlying upper 
Chadron formation, where exposed by the 
retreat of the steep-sloped Brule, develops the 


rounded, rolling topography in the lower parts 
of the photograph. The mean maximum slope 
angle of the Chadron slopes is 33°. Poorly 
consolidated clay, sandstone, limestone, and 
nodular layers compose both formations, but 
the portion of the Chadron exposed is essen- 
tially homogeneous. Both formations contain 
the clay minerals illite and montmorillonite 
(Van Houten, 1953). 

Smith (In press) attributes the difference in 
angles to the more resistant layers in the Brule 
formation or to a larger percentage of calcare- 
ous cement in the Brule clays, 10 to 20 per cent, 
as against 4 per cent for the Chadron (Wanless, 
1922). In any case the surface of the two forma- 
tions is distinctly different (Pl. 5, figs. 3, 4). 
The surface of a slope underlain by the Chadron 
in the dry summer period is a loose mass of clay 
aggregates. A surface layer of 1 to 2 inches can 
be scooped up by hand. Walking over such a 
surface breaks down the aggregates and starts 
the rolling and sliding of loose material down- 
slope. The Brule surfaces are very different un- 
der similar conditions (Pl. 5, fig. 4). Despite 
desiccation the surface is so hard that a ham- 
mer is required to break it up. Three faint rill 
channels are visible in the photograph, but in 
most places rills are scarce on Chadron sur- 
faces. Figure 5 in Plate 5 shows an upper slope 
of strongly rilled Brule; on the slope below the 
contact with the underlying upper Chadron 
the rill channels decrease sharply in number 
and clarity. The lack of cement in the Chadron 
may allow swelling of the clay minerals to 
produce the loose crumbly surface, a process 
Smith (In press) called disaggregation. 

The rapidity of breakdown of the Chadron 
clay and the looseness of the surface might 
suggest more rapid erosion of these slopes, but 
the overlying Brule must retreat to expose the 
Chadron. Where the upper Chadron is free of 
overlying Brule it forms a rolling topography 
extending some distance from the base of the 
retreating Brule slopes (Pl. 5, fig. 2). Although 
softer, the Chadron is the more enduring of the 
two formations. When canteens of water were 
emptied on both types of slopes, runoff oc- 
curred almost immediately on the Brule but the 
Chadron completely absorbed the water, sug- 
gesting that the Brule retreats rapidly under 
runoff while the Chadron, with great infiltra- 
tion capacity, is a more resistant rock removed 


= 
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slowly by creep of surface particles and sub- 
surface flow. 

The writer used a 5-gallon hand pump, ad- 
justed to fine spray, to spray the slopes of both 
formations. On the Brule, runoff always oc- 
curred before 1 gallon was sprayed, quickly 
concentrating into rill channels and flowing 
rapidly away. Four and one half gallons was 
sprayed on a Chadron slope before runoff oc- 
curred (Pl. 5, fig. 6). By then the surface was 
a sticky mud; the individual aggregates had 
absorbed water and slumped downslope until 
they were in contact with the next lower aggre- 
gate. 

Water was next poured on the two slopes 
near their crests. On the Brule slope runoff was 
rapid; on the Chadron the water rapidly disap- 
peared between the aggregates, flowed in sub- 
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surface channels, and reappeared at the base 
of the slope to continue as surface flow across 
the pediment. Figure 1 in Plate 6 shows the 
course followed by water poured on the crest 
of a small residual. Three elements are visible 
in the photograph: an upper light-colored layer 
of resistant clay (probably basal Brule), a 
darker Chadron slope, and the basal pediment 
surface. The water followed a rill channel 
across the Brule but at the Chadron contact it 
disappeared to follow a subsurface channel 
(emerging at one point on the surface) and 
finally reappeared at the base of the slope. The 
remaining water was quickly absorbed by the 
pediment surface. Figure 2 in Plate 6 shows 
water issuing from a subsurface channel at the 
slope base during another trial. This process 
may be very effective in miniature pediment 


Piate 4.—RILL CYCLE 


Tue CoMBINED EROSIVE POWER OF THE NUMEROUS RILL CHANNELS HAs ERODED A PERMANENT 
DRAINAGE BASIN 


FicurE 
FicureE 2.—SumMER; Ritts at Maximum DEPTH 
Ficure 
FicurE 4.—WINTER; ONLY Major DiviwEs REMAIN 
FiguRE 5.—BEGINNING OF Decay OF RILLs By BREAKUP OF SURFACE CRUST 
Note fractures, paralleling the divide, due to downward creep of the disturbed surface 


Ficure 6.—NEEDLE IcE aT BASE OF SLOPE 
Ice columns, about 3 inches long, allow downslope movement of heaved material upon melting 


Pirate 5.—BADLAND SLOPES AT PERTH AMBOY AND BADLANDS NATIONAL MONUMENT, 
SOUTH DAKOTA 
Ficure 1.—SMALL MupFtows CAUSED BY THE MELTING OF THE FROZEN SOIL SURFACE AT PERTH AMBOY 
Figure 2.—TypicAL BRULE AND CHADRON FORMATION TOPOGRAPHY IN THE BADLANDS NATIONAL 
MONuUMENT, SouTH DAKOTA 
Contact between the two formations, just above the center of the photograph, separates the steep slopes 
developing in the Brule formation from the gentle, rolling topography developing on the Chadron for- 
mation. 
Ficure 3.—CLosE-up oF LoosE Mosaic oF AGGREGATES FORMING THE SURFACE OF SLOPES FORMED ON 
THE CHADRON FORMATION 
FicurE 4.—CLosE-uP OF SURFACE OF SLOPE DEVELOPING ON THE BRULE FORMATION 
Surface is compact, and three faint rill channels are present. 
Ficure 5.—DECREASE IN CLARITY AND NUMBER OF RILL CHANNELS BELOW THE CONTACT BETWEEN 
THE BRULE AND CHADRON FORMATIONS 
Figure 6.—SURFACE OF THE CHADRON ForMATION AFTER BEING SPRAYED WITH 444 GALLONS OF WATER 
Surface is saturated, but no runoff has occurred 


1e base 
ACFOSs 
ws the 
crest 
visible 
d layer 
ule), a 
diment 
channel 
ntact it 
channel 
e) and 
pe. The 
by the 
shows 
| at the 
process 
>diment 


NENT 


ting 
JMENT, 


AMBOY 


TIONAL 


ep slopes 
Jron for- 


RMED ON 


BULL. GEOL. SOC. AM., VOL. 67 


Figure 5 


RILL CYCLE 


Ficure 6 


SCHUMM, PL. 4 


the! 
Ficure 1 
Figure 3 Ficure 4 


BULL. GEOL. SOC. AM., VOL. 67 SCHUMM, PL. 5 


Ficure 5 Ficune 6 


BADLAND SLOPES AT PERTH AMBOY AND BADLANDS NATIONAL MONUMENT, 
SOUTH DAKOTA 
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Figure 3 Ficure 4 
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formation in this area. Smith (In press) discussed 
a similar process, suggesting that the water fan- 
ning out from the base of a rill results in basa] 
sapping of the slope, causing it to retreat. The 
large number of miniature natural bridges oc- 
curring in drainage channels cut into the 
Chadron testifies that subsurface flow is of 
major importance. 

To determine the effects of the different 
processes on the slopes, the writer measured 
slope angles on small buttes and other residuals 
composed of essentially homogeneous material. 
Length of slope was the criterion of age of the 
residuals, for obviously their slopes would be 
shortened by continuous slope retreat and 
lowering of the divide. The slopes studied were 
short and could be expected to show changes if 
any occurred during their evolution. On the 
Brule residuals slopes longer than 5.6 feet had 
a mean maximum slope angle of 44.3°; slopes 
less than 4 feet had a mean angle of 44.0°; 
slopes shorter than 3 feet had a mean of 45.0°. 
Retreat of these slopes is essentially parallel 
under the action of surface runoff. 

The Chadron slopes on the other hand, 
showed a decrease in angle with decrease in 
slope length: 


Length of Slope Mean Maximum Slope 
ngles 

less than 12’ 29.9° 

less than 6’ 30.1° 

less than 4’ 2.3 

less than 2’ 20.8° 

less than 3’ 11.6° 
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The action of creep evidently lowers the slope 
angle, producing a broad convexity of divide, 
for without a rapidly retreating straight slope 
this upper convexity is preserved. Perhaps here 
the hilltop slope results from dominant rain- 
beat and creep, following Gilbert’s hypothesis 
(1909). This study, coupled with that at Perth 
Amboy, suggests that convex slopes may re- 
sult from the combined action of runoff and 
creep where basal slope steepening is not ac- 
tive. 

In certain respects the differences between 
the Brule and Chadron topography illustrate 
form differences between humid and arid re- 
gions. The typically arid-landscape forms of 
sharp divides and steep slopes developing on 
the Brule formation are in sharp contrast to the 
rounded topographic forms with gentler slopes 
developing on the Chadron. The disaggrega- 
tion of the Chadron forms a mulch analogous 
to vegetation and deep soil horizons in humid 
regions, in that all reduce runoff by aiding in- 
filtration. Thus, humid and arid topographic 
types may be part of a continuous series, each 
component dependent on the importance of 
surface runoff and rate of infiltration. Certainly 
arid forms develop in humid regions where 
runoff is unusually rapid, as at Perth Amboy, 
or the Copper Basin at Ducktown, Tennessee, 
or in volcanic ash deposits. 

Similar comparisons and measurements were 
made in badlands developing on homogeneous 
clays of the Chinle formation near Cameron, 


PLatE 6.—BADLAND SLOPES AND DRAINAGE CHANNELS, SOUTH DAKOTA AND ARIZONA 
FicurE 1—WATER PouRED ON THE BRULE ForMATION NEAR DivipE FLows Downs Lope IN RILL 
CHANNEL UNTIL RUNOFF CROSSED THE CONTACT BETWEEN THE UPPER LiGHT-COLORED BRULE 

AND THE LOWER DARKER CHADRON 
Water disappears into a subsurface channel below the contact, reappears at the surface to the left of 
the hat and finally at the slope base where it flows onto the pediment surface. 

FicurE 2.—WaTER POURED ONTO THE SURFACE OF THE CHADRON FORMATION FOLLOWS SURSURFACE 
CHANNELS TO THE BASE OF THE SLOPE WHERE IT REAPPEARS ON THE PEDIMENT SURFACE 
FicurE 3.—RETREAT OF STEEP BADLAND SLOPES BY SLUMPING IN BADLANDS FORMED ON THE CHINLE 
FORMATION NEAR CAMERON, ARIZONA 
Ficure 4.—View Down StreAM CHANNEL AT PorntT WHERE UPPER PRAIRIE SLOPES AWAY FROM THE 

TopoGRAPHIC BREAK 
Note narrow badlands zone between the Upper and Lower Prairie 
FicurE 5.—View Down STREAM CHANNEL WHERE UPPER PRAIRIE SLOPES TOWARD WALL 
Compare with figure 4 above, and with figure 43 
FicurE 6.—TypicAL BADLAND STREAM CHANNEL 
Gradient is very steep, and downcutting is so rapid that the valley is very narrow. Board wedged be- 
tween the valley walls is 3 feet long. 
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Arizona. The presence of montmorillonite 
(Gregory, 1950, p. 69) causes swelling and 
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are related to the mean relief ratio for each 
lithologic unit studied. 


DIVIDE 


UPPER PRAIRIE SURFACE ——. 


Ficure 43.—Two LoncITUDINAL STREAM PROFILES SURVEYED IN BADLANDS NATIONAL MONUMENT, 
Soutn Dakota 


Vertical and horizontal scales are the same. 


contraction with alternate wetting and drying 
of the surface and the formation of a loose sur- 
face composed of aggregates. Numerous sinks 
characterize the area, and many minor 
drainage lines are interrupted or poorly de- 
veloped, testifying to the paucity of surface 
runoff. Spraying and pouring of water on the 
Chinle surface provided results similar to those 
obtained on the Chadron slopes. Where long 
straight slopes had developed because of rapid 
channel degradation, the slopes showed forms 
produced by slumping and sliding of the sur- 
face layers (PI. 6, fig. 3). The mean maximum 
angle measured along the base of slopes bor- 
dering on pediments was about 32°. 

Similar measurements were made in near-by 
areas where the Chinle is more sandy, better 
cemented, and less susceptible to swelling and 
the formation of aggregates; the slopes had a 
mean maximum slope angle of 36.5°. When 
these slopes were sprayed, runoff occurred in 
half the time required on the less well-cemented 
Chinle. With these figures in mind it appears 
that, in general, as time required to initiate 
runoff increases the slope angle decreases, or as 
infiltration rates increase slope angles decrease. 
Paulsen (1940, p. 440) found that infiltration 
increases with decrease in mean land slope. 
Field work in Wyoming (Hadley and Schumm, 
In preparation) indicates that infiltration rates 


Influence of Regional Upland Slope on 
Topography 


One other factor influencing the develop- 
ment of youthful topography, especially the 
escarpment scenery in some of the National 
Parks and Monuments, is the relative direction 
of regional slope of the upland surface. At Perth 
Amboy the upper terrace surface sloped toward 
the terrace front, supplying additional dis- 
charge to the heads of insequent drainage lines. 
The streams grew rapidly headward and the 
entire surface was soon drained by channels 
sloping in the direction of the original upper 
slope. In the Badlands National Monument 
the badland topography is limited to a narrow 
zone between the Upper Prairie, or upland, 
and the Lower Prairie bordering the White 
River, because most of the upland runoff is 
directed away from the badlands by the north- 
ward regional slope away from the scarp. Here 
the badland channels cannot advance rapidly 
over the lip of the upper surface, so that 4 
sharp break is maintained. The badland areas 
encroach upon the upper surface as a retreat- 
ing scarp, known locally as The Wall (Pl. 6, 
fig. 4). If the Upper Prairie sloped toward the 
badlands, the badland area would rapidly ¢s- 
tend at the expense of the grazing land of the 
Upper Prairie, destroying the scarp and the 
unique scenic value of the region. Figure 43 
shows two longitudinal stream profiles surveyed 


= 
8o' 
40' 
| 
8 


for each 


[ONUMENT, 


pe on 


develop- 
cially the 
National 
direction 
At Perth 
toward 
onal dis- 
age lines. 
and the 
channels 
1al upper 
[onument 
a narrow 
- upland, 
1e White 
runoff is 
he north- 
arp. Here 
e rapidly 
0 that a 
und areas 
a retreat- 
Il (Pl. 6, 
yward the 
pidly ex- 
nd of the 
and the 
Figure 43 
surveyed 


COMPARATIVE STUDIES IN BADLAND REGIONS OF THE WEST 


across the scarp of the badlands. The upper 
profile, A, was surveyed where the upper sur- 
face for a short distance along the wall slopes 
toward the advancing badland streams; the 
lower profile, B, is typical of the general plan 
where the upper surface drains away from the 
badlands. Profile A resembles the typical pro- 
file at Perth Amboy (Fig. 36) where the stream 
is cutting into the upper surface above the 
convexity typical of that development (PI. 6, 
fig. 5). Figures 4 and 6 of Plate 6 show the area 
where the lower profile of Figure 43 was ob- 
tained. 

The striking scenery of Bryce Canyon Na- 
tinal Park and Cedar Breaks National 
Monument is also accentuated by the slope of 
the upland away from the break between bad- 
land and upland surface. The main effect of 
such an arrangement of slopes is an increase 
in the relief ratio in the badlands with an at- 
tendant increase in steepness of stream profiles 
and slope angles. An upland slope toward the 
break reduces the relief ratio by increasing the 
length of the basin. 


SUMMARY AND CONCLUSIONS 


The drainage system at Perth Amboy con- 
forms to Horton’s laws of drainage composi- 
tion; further, the mean drainage areas of 
streams of each order also form a geometric 
progression. Within an area of homogeneous 
lithology and simple structure the scale of the 
drainage-network elements is determined by 
a characteristic value for the minimum area 
required for channel maintenance. Relation- 
ships between channel lengths, drainage-basin 
area, and stream-order number are dependent 
on this constant of channel maintenance, which 
is in turn dependent on relative relief, lithology, 
and climate. The constant of channel mainte- 
nance is valuable as a measure of texture and 
decreases with increasing erodibility. Other 
characteristics of the drainage network which 
vary with relative relief are: drainage density, 
maximum valley-side slope angles, stream- 
channel gradient, drainage-basin shape, rate of 
sediment loss, and drainage pattern. Hadley 
and Schumm (In preparation) found relief 
ratio related to the infiltration rate of the 
soil on a lithologic unit and infiltration rates to 


texture of the topography. This suggests that 
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infiltration rates are one of the most important 
factors influencing topographic development. 

The mass-removal sequence of drainage ba- 
sins strongly supports Strahler’s concept of an 
open system in a steady state as related to 
drainage-basin development. At Perth Amboy 
the equilibrium stage begins at 25 per cent of 
mass removal as indicated by the constancy of 
drainage-basin parameters beyond this stage. 

A comparison of young and mature angles of 
junction shows a significant difference suggest- 
ing that the angles change during the geomor- 
phic cycle. During the reduction of a landmass 
of high relief much erosion may occur by lateral 
shifting of tributaries toward main channels. 

Experimental studies and field observations 
reveal that erosion and the development of 
slope profiles may not conform to certain widely 
assumed concepts of the action of runoff as a 
function of depth and distance from a divide. 
Because runoff occurs as subdivided and surge 
flow, runoff erosion is more analogous to creep 
than to transport by fluid flow in channels. 

Parallel and declining slope retreat may both 
be important in the evolution of erosional 
topography, depending on the available relief 
and perhaps on infiltration rates of the soil. 

At Perth Amboy slopes are initiated by chan- 
nel degradation and maintained by runoff and 
creep induced by frost heaving. Convex divides 
may be formed either by runoff or by rainbeat 
and creep. Rills follow a definite cycle of de- 
struction and reappearance under the action of 
frost heaving and runoff. 

Two types of topography appearing in the 
Badlands National Monument resemble arid 
and humid landscapes, the first with sharp- 
crested, steep, straight slopes bordered by pedi- 
ments, the second with more gentle slopes and 
convex summits. The topographic differences 
are explained by the differences of infiltration 
rates of the two formations on which they form. 
This distinction may apply generally to dif- 
ferences between arid and humid _topog- 
raphy. Vegetation and thick-soil horizons aid 
infiltration which promotes creep and the de- 
velopment of the rounded humid-cycle land- 
forms characterized by declining slope retreat 
in later stages. In arid regions sparse vegeta- 
tion and meager soils aid rapid runoff and the 
formation of steep, parallel retreating slopes 
and pediments. 
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Much work must be done before a workable 
theory of erosional landform development can 
be projected from detailed field examination and 
measurements of topographic characteristics 
and geomorphic processes, but there is no al- 
ternative to an empirical quantitative approach 
if these relationships are to be clarified in re- 
alistic terms. 
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STRUCTURES OF THE PORPHYRITIC GRANITE AND ASSOCIATED 
METAMORPHIC ROCKS OF EAST MANBHUM, BIHAR, INDIA 


By S. SEN 


ABSTRACT 


Porphyritic granite, associated with metamorphic rocks and migmatites in East 
Manbhum (23°27'45”-23°35’ N. Lat.; 86°30’-86°49’ E. Long.), India, crops out as a 
lenticular body showing well-developed planar banding of alternating feldspar pheno- 
crysts and a finer-grained assemblage of quartz, feldspar, and accessories. Arrangement of 
phenocrysts within the banding may be random, or they may show perceptible lineation. 
Lineation, foliation, and joints are primary. Regional! distribution of flow layers suggests 
an inclined lens, with two secondary domes, one at Raghunathpur and the other at Bero. 
Lineation, generally within a few degrees from the horizontal, parallels b, except in the 
two domes where it parallels a. 

The porphyritic granite is concordant for the greater Jength except toward the eastern 
margin of the exposure. North-northeast of Raghunathpur, it is discordant with the 
structural trends of the country rocks. There are a few small-scale discordances where 
the granite boundary takes sharp turns, leaving the schistose alignments of the country 
rocks abutting against the boundary. Spatial distribution of foliation, lineation, and 
joints of the porphyritic granite is independent of that of the metamorphic and migmatitic 
country rocks. Wall rocks have been mylonitized, and three joint systems developed. 
Distribution and concentration of joints prove that the effect of tension was compara- 
tively greater close to the contact. Compression diminishes more slowly and is effective 
over a greater distance. 

Lineation in the country rocks may be parallel to both a and b. It is chiefly of two 
types produced by (1) microfolds of different dimensions, or by (2) alignment of elon- 
gated minerals such as quartz or sillimanite. Biotite fabric of the metamorphic rocks is 
not indicative of their tectonic trend as the mineral is a result of neocrystallization. 
Quartz-axes diagrams show peripheral ac girdles with maxima I, II, and V, and oc- 
casionally an ac /\ be diagonal girdle. The orientation in the metamorphic rocks, es- 
pecially as they belong to a high grade of regional metamorphism, presumably originated 
in solid flow by translation, chiefly along megascopic s planes. Fabric of migmatites, 
ultramigmatitic granite gneiss, and two types of quartz in leptynites (granulites) are 
very similar to that of the metasediments, and their orientation is ascribed to mimetic 
retention of tectonitic orientation during metasomatic recrystallization. 

Country rocks show simultaneous fabric reconstitution near the porphyritic granite. 
Along the granite contact the fabric is symmetrical about the bisectrices of the shear 
joints caused by intrusion of porphyritic granite. The intrusion also produced minor 
secondary folds or intensification of folding. Quartz fabric of the porphyritic granite 
is independent, with regard to its pattern and relation to geographic coordinates, of the 
country rock fabric. 
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INTRODUCTION 


In the area studied, in the province of Bihar, 
India (86°30’-86°49’ E. Long. and 23°27'45”- 
23°35’ N. Lat.), the porphyritic granite crops 
out as an elongated, lenticular body. It is 
associated with granite gneiss, migmatites, and 
metamorphic rocks in the following strati- 
graphic sequence: 

(4) Porphyritic granite 

(3) Granite gneiss, migmatites, composite 
gneisses 

(2) Norites, pyroxene granulites, amphibo- 
lites 

(1) Metasediments, including calc-silicate 
granulites and amphibolites underlain by silli- 
manite-almandine gneisses, quartzites, and 
magnetite quartzites 


Mineral assemblages in the metamorphic 


rocks and in the granite resemble the charnock- 
ite-khondalite association of South India (Sen, 
1953). Where unaffected by granite or graniti- 
zation, the metasediments and metamorphosed 
norite dikes show high-grade metamorphic 
assemblages of sillimanite-almandine-(graph- 
ite), quartz-magnetite, diopside-calcite-plagio- 


clase, 


and _hypersthene-diopside-plagioclase. 


These rocks, variously influenced by granitiza- 
tion, show transitions through migmatites and 
composite gneisses into granite gneisses that 
range in composition from diorite and grano- 
diorite to alaskite and kalialaskite. Leptynite, 2 
common variety of granite gneiss, has alternat- 
ing paper-thin bands of flattened quartz and 
even-grained, xenomorphic, quartz-feldspar as 
semblage. It resembles the granulites of German 
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authors. The granite gneiss is similar to the 
Chotanagpur granite gneiss (Dunn, 1929; Dunn 
and Dey, 1942). The two may prove to be con- 
tinuous. The porphyritic granite shows distinc- 
tive features and is an easily separable struc- 
tural unit. It extends for about 27 miles from 


Ficure 1.—SKETCH OF A PorPHyYRITIC GRANITE 
VEIN IN GRANITE GNEISS 


Vein foliation parallels its walls and sends a 
sinuous offshoot into the country rocks. 


west of the area mapped to east of Bero (PI. 1), 
but is covered for about a mile by granite gneiss 
and migmatites. There are innumerable veins 
and lenses of porphyritic granite within this 
granite gneiss and migmatite cover. Although 
most of these veins are parallel to their foliation, 
some cut across the foliation at various angles 
(Fig. 1). 
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STRUCTURES OF THE PoRPHYRITIC GRANITE 
General Statement 


The porphyritic granite shows well-developed 
planar banding (foliation) of alternating layers 
of large microcline phenocrysts and fine-grained 
quartz, microcline, oligoclase, biotite, and ac- 
cessories. The planar nature of the structure is 
evident in exposures along joint faces and 
stream cuts. Besides small rises which give good 
three-dimensional views of structural elements, 


some excellent sections are available both near 
the wall-rock contact and toward the interior of 
the granite pluton. 

Foliation of the granite near the boundary 
wall everywhere parallels the contact—even 


FicurE 2.—Munor DIscORDANCE BETWEEN 
PoRPHYRITIC GRANITE AND 
GRANITE GNEISS 
ae 1 mile east-northeast of Adra (see Fig. 
a). 


near considerable changes in the trend of the 
contact. There is no continuity of the structural 
trends of the granite and its wall rocks; how- 
ever, the structures of the granite generally are 
conformable with those of the schistose and 
gneissose country rocks. Minor discordances 
appear where the granite boundary swerves 
sharply leaving the country rocks abutting 
against the wall (Fig. 2). Where the granite 
pluton tapers down and ends east of Bero, it 
exhibits a spectacular discordance with the 
country rocks (PI. 1). 

The porphyritic granite contains many inclu- 
sions of country rocks; the smaller inclusions 
have been drawn out into discoid shapes, with 
their flattest surfaces parallel to the foliation. 
Bands in the granite wrap around inclusions 
even where trend of the layers changes (Fig. 
3a). Although in some instances the feldspar 
layers may not show perfect wrapping, they 
are nevertheless twisted and rotated away from 
the inclusion. Some fragments of xenoliths are 
torn from bigger xenoliths and rotated (Fig. 3b). 

Pegmatites and pegmatoid rocks of different 
dimensions are common. They may run parallel 
to the foliation or the joint planes or cut across 
them. The pegmatites are composed of coarse- 
grained feldspar and quartz or of feldspar alone, 
with occasional tourmaline or mica grains. Some 
pegmatites merge into the feldspar bands of 


Page 

miles 
N.... 657 
nated 
untry 
heast 
ist.. 662 ‘ 
artz. 663 
iss.. 663 
eiss. 665 
from 
from 
irom 

.. 66 
e 31 
acing page 
‘ion, 
ss0- 
norphic 
arnock- 
‘a (Sen, 
praniti- 
phosed 
1orphic 
(graph- 
plagio- 
ioclase. 
nitiza- 
es and 
s that 
grano- 
nite, a 
ernat- 
z and 
ar as- 
erman 


650 


the granite. Thus southwest of Bamanbad 
(Pl. 1) a few pegmatites parallel the flow layers. 
One vein arising out of a feldspar foliation band 
swerves, bifurcates, and cuts across the layers 
in sinuous trends (Fig. 8). A thick, lenticular 
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Foliation, lineation, and joints of the por. 
phyritic granite bear no spatial relation to the 
regional deformation structures. This independ. 
ence, proved further by the major and minor 
discordances, points to its intrusive emplace. 


FicurRE 3.—XENOLITHS IN PORPHYRITIC GRANITE 


a—Folded flow layers with included mafic xenoliths. 


b—Flow layers wrapping mafic inclusion. There are a few automorphic feldspar phenocrysts in the 


inclusion. 


pegmatite follows the joint plane and is en- 
circled by thin mafic bands which continue 
northward for a short distance. Another lentic- 
ular pegmatite is likewise encircled by a thin 
mafic rim which continues northward and 
southward. North of Shyamsundarpur (PI. 1), 
about half a mile north of the southern wall, 
there is a large number of pegmatite veins, 
some of which follow planes of different joint 
sets, a few cut the joints at random. Some of 
these pegmatites contain tourmaline crystals 
up to 6 inches long. 

Merging of pegmatites with the feldspar 
bands of the granite indicates that they ema- 
nated from the granite, and since they cut 
across both the foliation and the joints the 
structures formed before complete solidification 
of the granite. 

Partially or completely granitized pyroxene 
granulites and amphibolites, bordering large 
inclusions of these rocks within the granite, con- 
tain feldspar porphyroblasts in random arrange- 
ment. Such occurrences, results of granitization 
in situ, support the conclusion that a similar 
process could not have been responsible for 
foliation in the main porphyritic granite pluton. 


ment. The structures were not impressed after 
complete solidification of the granite. Micro- 
scopic examination of the granite shows no 
evidence of postcrystalline deformation, ex- 
pecially in relation to microcline and quartz. 
The major structures in the granite are evi- 
dently paracrystalline or precrystalline in age, 
younger than the regional structures. Their 
relation to the pegmatites suggests formation 
before the rock was fully solid. Assuming the 
structures are primary, the foliation could have 
been produced only by movements of an essen- 
tially fluid body with considerable intratelluric 
solid phases. Thus foliation in the granite will 
be referred to as flow layers (Balk, 1937). Upon 
complete solidification, toward the late solid 
stage, continuation of movement resulted in 
yielding by rupture, producing joints. Primary 
structures thus belong to two stages (Balk, 
1937; E. Cloos, 1937), the late fluid (plastic) 
stage (flow layers and flow lines), and the late 
solid stage (joints). 


Structures of the Late Fluid (plastic) Stage 


Flow layers.—Flow layers are parallel to the 
bounding walls of the porphyritic granite. They 
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are also parallel with the structural alignments 
of the country rocks where the granite pluton 
appears conformable with the regional trends 
(Pl. 1). 

In places feldspar phenocrysts in the flow 
layers show parallelism of their longest axes. 
This lineation may be parallel or subparallel to 
the strike, or may be close to the direction of 
dip of the flow layers. Occasionally the pheno- 
crysts are arranged at random, although the 
flow layers are perfectly developed. Along re- 
stricted, local zones the flow layers may be 
irregular while there is a well-developed linea- 
tion (e.g., in Bero, Raidi, and Raghunathpur). 

The strike of the flow layers ranges from N. 
80° E.-N. 80° W. There is a similar variation in 
the trend of the wall. Near the northern contact 
west of Talsankra the flow layers dip about 36° 
N.; near the southern contact the dip ranges 
from 20° to 60°. Near Talsankra, 5 miles from 
the eastern end of the pluton, the dip steepens, 
becomes vertical, and finally reverses direction 
with angles of 83°-65° S. The flow layers then 
bend parallel to the boundary and dip at steep 
angles toward the center of the pluton near and 
south of Bero where the body terminates in a 
two-pronged lens. 

In the center of the granite pluton the flow 
layers are more or less parallel to the trends of 
the southern and the northern walls. Local 
variations in the strike of the flow layers are 
particularly noticeable near inclusions or roof 
pendants (PI. 1). 

South to south-southwest of Raghunathpur a 
series of peaks arranged in a crescent partially 
encircles the village Nanduara (Fig. 9). About a 
quarter of a mile west is another small rise. 
North of the westernmost rise (A 856), the flow 
layers strike N. 80° E. and dip 70° N. South- 
ward the dip steepens gradually to 85° N. The 
three northernmost peaks are encircled by flow 
layers that dip about 65° N., and the two 
southernmost peaks are encircled by flow layers 
that range in dip northward from 42° to 58° to 
vertical (Fig. 9). 

Lineation.—Toward the center of the granite 
pluton the trend of the lineation varies only 
slightly from the strike of the flow layers. In the 
west near the break in exposure of the granite 
(Pl. 1) the lineation plunges 18°-20° W. Along 
the eastern end of the pluton around Bero and 


Raidi steep lineation is parallel to the dip 
direction of the flow layers. Similar lineation 
occurs in the peaks south-southwest of Raghun- 
athpur. 

In correlating primary lineation with Sander’s 
axes of movement, Hans Cloos (1936, p. 87; 
1928, p. 247, Fig. 6) suggests that lineation is 
generally parallel to the direction of magmatic 
flow, hence parallel to a, especially in marginal 
zones or narrow cylindrical bodies, while in the 
central regions of the pluton the lineation may 
be normal to the direction of major movement 
(flow) and hence parallel to b. In the area 
studied the horizontal to low-plunging lineation 
parallels b and is found to be the axis of girdling 
of quartz and biotite fabrics. The lineation in 
Bero and Raghunathpur is parallel to @ and is 
associated with secondary domes mentioned 
later. 


Form of the Intrusive 


The porphyritic granite pluton resembles an 
inclined, moderately dipping lens, which bifur- 
cates near the eastern edge (Figs. 4a, 10). The 
lens dips north, and its shape resembles that of 
a highly drawn-out dome whose axes plunge 
gently east and west. The eastern portion of 
the lens has been twisted so that the dip along 
the northern wall changes from outward to 
inward. Here the intrusive resembles an elon- 
gated, steep-walled, elliptical funnel open toward 
the west (Fig. 10; Pl. 1). Lineation parallel to a, 
sometimes developed at the expense of the flow 
layers, suggests differential and forceful move- 
ment along this narrow zone. 

Peaks south-southwest of Raghunathpur are 
encircled by domes of flow layers (Balk, 1937, 
p. 56). The northern dome (Fig. 9) is partially 
constricted in the middle, elongated north- 
south, and about three-fourths of a mile long. 
It is a steep-walled, asymmetric, elliptical dome. 
The southern half is an incomplete, inclined 
cylinder. The elliptical southern dome, less than 
half a mile long, is elongate east-west and has a 
low-dipping, subhorizontal (5°S.) roof (Figs. 
4b, 4c, 9). 


Structures of the Late Solid Stage (Joints) 


Primary joints have been grouped by Hans 
Cloos (1922, p. 2-4; Balk, 1937, p. 27-42) into 
the following types: 
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(1) Cross joints, Q, formed at right angles to 
tension, thus at right angles to the direction of 
flow and to flow lines. Lineation parallels direc- 
tionfof flow. 
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There are three major joint systems in the 
porphyritic granite, and a fourth minor one. 
One joint system, consisting of two sets, strikes 
roughly parallel to the strike of the flow layers, 


Raghunathpur dome 


shown 


-- 5 miles --- 


(a) 


(b) 


FIGURE 4.—PoORPHYRITIC GRANITE INTRUSIVE 


a—Form of intrusive. 


b—Raghunathpur dome, looking west. 
c—Raghunathpur dome, looking north. 


(2) Longitudinal joints, S, dip steeply and 
strike parallel to flow lines. 

(3) Primary flat-lying joints, L, embrace flow 
lines; well-formed sheetlike intrusions with 
subhorizontal roofs facilitate their formation. 

(4) Diagonal joints dip steeply and are diag- 
onal to the dip of the flow layers. 

Cloos described tension joints formed at right 
angles to tension as Q joints, which are de- 
scribed with reference to flow lines and are at 
right angles to them. As lineation may develop 
at right angles to the direction of flow, caution 
must be exercised in describing a joint system 
as Q joints. 


The planes of one of these sets are approx 
mately normal to the planes of the flow layers. 
Those of the second set are disposed diagonally 
with respect to the flow layers. The joints of the 
second system strike roughly at right angles to 
the strike of the flow layers, and are at right 
angles to the low-plunging lineation. The third 
system consists of two intersecting sets which 
are diagonal to the strike of the flow layers or 
direction of the low-plunging lineation. The 
planes of the fourth system parallel the planes 
of the flow layers. All the systems are not 
necessarily found together. 

The average direction of strike of the joints 
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of system 1 (representing the mode determined 
from the frequency distribution of the measured 
strikes) is roughly parallel to the strike of the 
flow layers. The maximum range is 20° (2.e., 
+10°). The joints are perfectly parallel to the 
low-plunging lineation where such lineation is 
evident. One set of planes of this system is 
horizontal or dips at low angles away from the 
dip of the flow layers. The planes are thus at 
right angles to the layers. These planes contain- 
ing the lineation are parallel to bc, (in terms of 
the axes of movement picture’), and are there- 
fore typical cross joints (planes normal to 
tension). These joints are less common than the 
second set of this system. The second set con- 
sists of two intersecting groups of planes, one 
dipping at low to moderate angles (20°-40°) in 
the same direction as the dip of the flow layers, 
the second dipping at steep angles (up to 90°) 
in the opposite direction. The acute bisectrix 
of this conjugate set of planes lies roughly on 
the flow layers. Where the flow layers are verti- 
cal or nearly so, some fairly well formed hori- 
zontal or subhorizontal joints occur. These are 
be joints. The fractures of both sets of this 
system of bc and ab / be diagonal joints are 
often filled with quartz and pegmatite veins. 
Figure 5 shows the relation of the joint sets in 
system 1 to other structural elements. 

Joints of system 2 far exceed the others in 
concentration and occur alone in zones especi- 
ally near the granite-country rock contact. It 
consists of narrow cracks, occasionally filled 
with vein minerals, and in places continuing 
into the wall rocks as open tension cracks. The 
planes of this system are closely spaced as a 
tule, at times only a fraction of an inch apart. 
The vertical or steeply dipping planes cut the 
low-plunging lineation at right angles and are 
thus at right angles to the flow layers. Equal- 
area projection of several planes of this system 
(756 joints) shows concentration of poles around 

°-270° within a range of +12°, and with 
slight scattering along all points of the compass 
(Fig. 7). Similar variation is shown in trend of 
the lineation and strike of the flow layers, indi- 
cating that the joints maintain a right-angle 


* Sander’s terminology for fabric axes, recognized 
megascopically, is here applied to describe the 
Primary flowage structures of the porphyritic 
granite; ab for important s plane (flow layers), 
and a, in analogy to tectonic flow, for the direction 
of maximum magmatic transport. 
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Ficure 5.—Btiock D1aGraM SHOWING RELATION 
oF Joints, FLow LAYERS, AND LINEATION IN 
PORPHYRITIC GRANITE 


FIGURE 6.—EQUAL-AREA PROJECTION OF JOINTS 
OF SysTEM 2 IN PORPHYRITIC GRANITE 


FicurE 7.—Jornt PLANES OF SYSTEM 2 IN 
PorPHYRITIC GRANITE 


a—Displaced along planes of system 1. 
b—Magnified view of enclosed area in a. 


relation to these structures. The joints are well 
developed in most of the exposures mapped in 
detail. In places the joints of system 2 appear 
to be displaced along joints of the first system— 
e.g., near Gurguria and near Chapari, about 
2 miles west-northwest of Baishkuli (Fig. 7). 
The two intersecting planes of system 3 do 
not always occur together. One or both may 
occur with joints of other systems. They are 
rarer than the other joints. These planes are 
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often closely spaced, sometimes a few inches 
apart, and they generally extend 15-20 feet. 
All types of angular relations with the flow 
layers are observed. Strike of the layers may 


JOINTS 


JOINTS FILLED WITH 
PEGMATITE & QUARTZ VEINS 
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FLOW LAYERS 


Ficure 8.—StrRucTURE Map oF GRANITE 
SOUTHWEST OF BAMANBAD 


40 ft 


coincide with either the acute or the obtuse 
bisectrices of the conjugate planes. The joint 
planes may intersect at 90°. Rarely the strike 
of the layers may not coincide with any of the 
bisectrices. 

Where the first two or all three joint systems 
occur together, fractures of the first system are 
invariably filled with vein minerals, while a few 
joints of the second system may remain unfilled, 
and fractures of the third system are usually 
unfilled. The third system of joints appears to 
be younger than the other two. 

Jointing is very well developed in the vicinity 
of Bamanbad (Fig. 8; Pl. 1). The strike of one 
conjugate member of the third joint system 
ranges from N. 50° W. to N. 35° W. The second 
group of this diagonal system, striking N. 65° 
E., is comparatively sparse. Strike of the flow 
layers ranges from N. 82° E. to N. 80° W., 
and the layers dip northward at moderately 


S. SEN—PORPHYRITIC GRANITE OF EAST MANBHUM, BIHAR, INDIA 


steep (44°+) angles. Joints of the first system, 
which strike parallel or subparallel to the strike 
of the flow layers, dip at moderate angles (50° 
away from the dip of the flow layers. Many of 
these fractures are filled with pegmatite and 
quartz veins. One set of joints of system 2 
strikes N. 5° W. to N. 20° E. Its planes are in 
places displaced along planes of system 1. 

About 114 miles northwest of Anara, and 
approximately 500 yards from the southem 
contact of the porphyritic granite, the flow 
layers strike between N. 84° W. and N. 76° W. 
and dip 36°-40° N. (Fig. 11). A closely spaced 
joint system, a few inches to a fraction of an 
inch apart, consists of narrow, parallel, unfilled 
cracks which strike N. 7° E. and dip steeply, 
often up to 90°. Frequently a few planes of this 
second joint system extend from one end of the 
exposure to the other. One joint set of the first 
system, with planes 1-2 feet apart, strikes N. 
86° W.-N. 80° W. and parallels the strike of the 
flow layers. A third system of narrower cracks 
strikes N. 15° W.- N. 10° W. and dips at mod- 
erately steep angles west-southwest. Relative 
concentration of the three joint systems is: 
system 1, 38 per cent; system 2, 50 per cent; 
system 3, 12 per cent. 

In places along the boundary the porphyritic 
granite has the appearance of a sheared rock. 
Feldspar phenocrysts are slightly granulated 
along the margin, and the rock is sheeted. 
Occasionally the granite seems to have been 
dragged while plastic, and the feldspar pheno- 
crysts distorted and drawn out like dough 
(Fig. 12). 


STRUCTURES OF THE COUNTRY ROCKS 


The country rocks dip northward at angles 
ranging from 30° to 90°. Variations in dip of the 
rocks sometimes yield broad warps and folds, 
the axes of which are subparallel to the regional 
strike of foliation. These folds are of different 
dimensions down to minute puckers. They 
define a conspicuous regional lineation which 
is nearly parallel to the regional foliation strike 
and hence parallel to 6. Regional structure con- 
sists of close isoclinal folds, in which the fold 
axes are horizontal or plunge at low angles east 
or west (Fig. 13a, b). Along a narrow zone near 
the northern boundary of the area the meta- 
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parallel arrangement of elongated quartz or 
sillimanite, and the two are then invariably 
parallel. The microfolds are often visible only 


sediments dip 40°-45° S., then dip northward 
at moderate angles. The south-dipping narrow 
zone is a limb of a knee fold whose north limb 
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FicurE 9.—STRUCTURE MAP OF RAGHUNATHPUR AND ITs ENVIRONS 


dips below the calc-silicate rocks and amphib- 
olites (Fig. 13b). Northward the folds change 
from nearly closed folds on horizontal or low- 
plunging axes to open folds of moderately low- 
dipping anticlines and synclines which plunge 
both ways and are arranged en echelon. Where 
the structures flatten out, individual pitching 
anticlines and synclines embrace small domes 
and basins (Pl. 1). 

Both metasediments and granite gneiss show 
several types of well-formed lineation (E. Cloos, 
1946). Sometimes lineation produced by micro- 
folds occurs with mineral lineation produced by 


on polished ac planes of the megascopic fabric. 
Closely spaced vertical joints also give rise to a 
nearly vertical lineation. This type is not very 
common. Microfolds and mineral lineation, 
when associated with microfolds, are always 
parallel or subparallel to the strike of foliation, 
parallel to the major fold axes, and hence par- 
allel to b. Lineation parallel to the dip of folia- 
tion, not so extensively developed, is always 
the mineral-lineation type and parallels a. 
Over large areas of north-dipping metasedi- 
ments, where folding is not evident, lineation 
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indicates the direction of plunge of the fold 
axes. 


=<: 


the dip of the granite gneiss changes from verti- 
cal to 45° N. (Fig. 14). 


FicurE 10.—STEREOGRAM STRUCTURE SECTION 


STRUCTURES OF THE WALL Rocks 


Near the porphyritic granite pluton, where 
the trends are conformable to the granite, the 
country rocks show an intensification of their 
original structures with steep minute folds 
parallel to regional fold axes and small thrusts 
along planes nearly parallel to original mega- 
scopic s (foliation) planes. 

Near the contact, north-northwest of Rag- 
hunathpur, the flow layers of the granite dip 
52° N., and the granite gneiss with similar 
structural trend dips 75°-80° S. This is a good 
example of major discordance. The granite 
gneiss is closely folded in a syncline which has 
almost vertical limbs. About 300 yards away 


Secondary folds, with axes at right angles to 
the regional fold axes, occur within the granite 
gneiss and metasediments close to the granite 
contact, especially where the contact is dis- 
cordant. Where the granite boundary sweeps 
southeast, about 114 miles north-northwest of 
Raidi, the schistose micaceous quartzites have 
been folded into successive anticlines and syn- 
clines which gradually die out toward the east 
(Pl. 1). The axes of these folds plunge about 
78° S. 

Granite gneiss has been crushed along the 
granite contact, and mylonites occur along most 
of the contact and some distance within the 
gneiss. Three major joint systems are developed 
in the wall rocks. One system strikes at right 
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angles to the wall; a second parallels the con- 
tact; and the third is diagonal to the contact. 
Measurement of more than 5000 joints in the 


to the granite. The writer measured all joints 
at stations, 8-10 feet square, scattered all over 
the area. Concentration of joint systems 1 and 
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FicurE 11.—StructurE Map or GRANITE ABout 1144 Mires NortHweEst oF ANARA RAILROAD STATION 


FicurE 12.—ELONGATE FELDSPAR PHENOCRYSTS 
IN LAMINATED PORPHYRITIC GRANITE 
Two and one-half miles east-southeast of Shyam- 
sundarpur (see Pl. 1). 


country rocks shows the relative importance 
of the joint systems and reveals their relation 
to the trend of the contact and their proximity 


2, expressed per unit areas of 3 feet square, was 
then plotted -against the distance from the 
contact of the porphyritic granite (Fig. 15). 
The joints used in the plot were measured 
south of the pluton; as the main rock type 
within 2-214 miles from the contact is granite 
gneiss or migmatite, difference in lithology 
was not a factor. The diagram shows a decrease 
in frequency of both joint systems with in- 
creasing distance from the granite contact, 
and also a gradual change in the relative abun- 
dance of the two systems. About 114 miles from 
the wall, joints of system 2 become more 
abundant than those of system 1. 

At places joints of system 1 continue from 
the tension joints (system 2) of the porphyritic 
granite and have steep or vertical dips. These 
are mostly unfilled, uneven fractures which 
are sometimes only a fraction of an inch apart. 
Spacing ranges from a few inches near the 
contact to about 10-12 inches at distance. 
Near the granite contact the planes are well 
formed even in incompetent rocks such as 
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FicurE 13.—SketcH Map SHOWING STRUCTURE OF CoUNTRY ROCKS 


a—Regional fold axes and microfold axes. 
b—North-south structure section along line shown in Figure 13a. 


Ficure 14.—Munor StRucTURES IN WALL Rocks 
NORTHEAST OF GRANITE PLUTON 


rretamorphosed argillites. With increasing dis- 
tance from the contact the planes become 
irregular. 

Equal-area projection of some 2500 joint 
planes of system 1 (Fig. 16) shows that the 
poles are concentrated along a zone within 65°- 
105°. The strike thus ranges from N. 65° W.-N. 
15° E. Variation in the strike of the joints is 
similar to the variation in the trend of the wall; 
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Ficure 15.—FREQUENCY DISTRIBUTION OF JOINTS 
or Systems 1 AND 2 in Country Rocks 


Plotted against the distance from the wall of 
the porphyritic granite. 


the joints are always at right angles to the 
contact. 

Although the frequency of joints of system 2 
near the contact is lower than those of system 1, 
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they may locally outnumber all other joints. 
Their planes are more clear cut than the planes 
of system 1. The second system consists of a 


FicurE 16.—EQUAL-AREA PROJECTION OF JOINTS 
oF System 1 in WALL Rocks 
Modal direction of the trend of contact shown 
as a double arrow. 
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FicurE 17.—RELATION OF JOINTS OF SYSTEMS 
1, 2, AND 3 In WALL Rocks 


group of two intersecting planes which occur 
together in the majority of joints measured. 
The planes strike parallel to the wall and dip 
65°-75° N. or 50°-68° S. North-dipping planes 
predominate. The obtuse angle of intersection 
of these joints faces the wall (Fig. 17), the 
acute bisectrix is in a plane that deviates 
slightly from the vertical. 
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The third system consists of intersecting 
diagonal planes, with axis of intersection nearly 
vertical. In some places the obtuse bisectrix of 
these joints faces the wall; in others, the acute 
bisectrix is toward the wall. 


MINERAL ORIENTATION IN METASEDIMENTS, 
MIGMATITES, AND GRANITE GNEISS 


General Statement 


Influence of the porphyritic granite on the 
quartz and biotite fabrics of the country rocks 
was studied in specimens from different dis- 
tances from the wall (Knopf, 1933; Knopf and 
Ingerson, 1938; Ingerson, 1936; Fairbairn, 
1949; Sander, 1930). To get an idea of regional 
fabric of the metamorphic and migmatitic 
rocks, six specimens were collected from an area 
out of the zone of direct influence of emplace- 
ment of the granite. Quartz fabric of three more 
specimens successively nearer the granite, one 
of them within a few yards of the pluton, were 
also studied (Sen, 1949a; 1949b). 

The lineation near the strike of the foliation 
and parallel to the regional fold axes has been 
taken as the 6 axis. This is also the girdling axis 
in quartz and biotite diagrams. Where lineation 
nearly parallels the dip of foliation it is at right 
angles to the axis of girdling for quartz dia- 
grams. Thus the regional direction of the 
girdling axis remains constant. 


Biotite Fabric of Metamorphic Rocks and 
Migmatites 


The poles of 200 cleavage planes of biotite in 
a sample of biotite schist were measured on a 
section parallel to the megascopic ac plane 
(Fig. 18). The specimen grades from slightly 
biotitized pyroxene amphibolite and pyroxene 
granulite to a biotite schist in contact with a 
pegmatoid granite vein that cuts the schis- 
tosity. There is a concentration of the poles 
around ¢, the flakes parallel to ab, with a spread 
suggesting an incomplete peripheral ac girdle 
around 6. There is also a slight spread on bc. 
Biotite formed at the expense of hornblende 
and pyroxene and has, in the words of Fair- 
bairn (1949, p. 142), “no petrofabric past’’. 
The diagram of 100 biotite cleavage poles on ac 
megascopic fabric plane of an ultramigmatite, 
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near granite in composition, shows a partial 
peripheral ac girdle with a slight tendency to 
spread on bc (Fig. 19). Though the existing ab 
planes exerted a control on orientation, it 
seems that the fortuitous spread of the poles 
resulted from neocrystallization, chiefly around 
borders of hornblendes and pyroxenes. 


Quartz Fabric of Metamorphic Rocks 


Two hundred quartz axes were plotted 
(Fig. 21) from a thin section of a sillimanite 
gneiss occurring near the foot of a small rise 
west-northwest of Ramchandrapur peak (Fig. 
13a). The section was not quite parallel to the 
ac plane of the megascopic fabric. The plane of 
section could be obtained by rotating the ac 
plane about 18° on a, clockwise, looking toward 
the direction of dip, and then about 5° on ¢ 
again clockwise. The ac plane is indicated on 
the diagram. The specimen shows well-devel- 
oped lineation in an equally well-formed s 
(foliation) plane. The bearing of the lineation 
is close to the direction of dip of the foliation. 
This was taken as parallel to a with reference 
to the regional fold axes. Lineation is produced 
by arrangement of sillimanite needles and 
elongated quartz crystals. The diagram shows 
a thick ac girdle, extending an average of 40° 
on both sides of ac, with no strong tendency to 
form a point maximum. The maximum concen- 
tration is 6 per cent per 1 per cent area. The 
small maxima near ¢ are roughly equivalent to 
maximum V of synoptic diagram (Fig. 20). 
There is a second, intermediate between V and 
II, and a third less important one on a (maxi- 
mum I). 

Figure 22 shows 80 quartz axes of a specimen 
of quartz-sillimanite schist from the eastern 
edge of Ramchandrapur hill. The rock shows a 
faint lineation, and the foliation dips 72° N. 
30° E. Lineation, near the strike of foliation, 
pitches 20° and was chosen as the b axis. The 
section prepared nearly on the bc plane is par- 
allel to the strike of the foliation. The diagram 
was rotated through 70° to the right to get the 
ac plane projection on the positive? side of b 
(Fig. 23). There is a well-formed peripheral ac 


? Left-hand side of the b axis (western end), 
looking along direction of regional dip direction, 
has been taken in all diagrams as the positive end 
of the microfabric. 
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girdle. The girdle seems more clearly defined as 
only 80 grains were measured. A direction 
nearly parallel to the strike of foliation (parallel 
to lineation in this diagram and at right angles 
to lineation in Figure 21) is always the axis of 
girdling. In Figures 22 and 23 the maximum 
concentration does not exceed 8 per cent in 
1 per cent area, and the distribution is uniform 
along the girdle. Three small zones show a con- 
centration exceeding 4 per cent, one on a (max- 
imum J), the other two close to a. 

Figure 24 is a quartz-axes diagram of a 
quartzite from west-northwest of Ramchan- 
drapur (Cf. Fig. 21). This quartzite is very 
coarse-grained, and only 60 grains were 
oriented. The diagram shows a high order of 
preferred orientation, which may not indicate 
the true fabric, as only a few axes were meas- 
ured. The specimen is well foliated with a 
lineation almost parallel to the dip direction of 
the foliation. It also shows well-formed joints 
parallel to ac, with modal strike parallel to 
lineation, which was taken to be parallel to a. 
Fabric shows a nearly peripheral ac girdle, and 
the quartz axes spread to form a second girdle 
almost half complete intermediate between ac 
and be. 

Figure 25, an ac fabric of 100 quartz axes of 
a quartz-sillimanite gneiss from the eastern 
edge of Ramchandrapur hill (Cf. Fig. 22), shows 
two girdles; the diagonal ac / bc girdle is more 
prominent, the peripheral ac girdle is only half 
complete. There is a maxima, concentration 
exceeding 5 per cent per 1 per cent area, near 
a (maximum I), and a small zone with a similar 
concentration near c (maximum V). 


Quartz Fabric of Migmatites and Granite Gneiss 


Quartz axes fabric of an ultramigmatite 
(Fig. 26), almost granite in composition, is 
similar to the first two quartz-axes diagrams 
(Figs. 21, 22). It shows a distinct peripheral ac 
girdle with maximum concentration not ex- 
ceeding 6 per cent per 1 per cent area. The 
maxima are equivalent to maxima I and V of 
the synoptic diagram (Fig. 20). The ac fabric 
of 200 quartz axes of a leptynitic granite 
gneiss (Fig. 27), about 2 miles from the southern 
wall of the porphyritic granite again shows well- 
formed peripheral ac girdle. A selective diagram 
(Fig. 28) of 80 quartz axes of flat granulitic 
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quartz from the same slice is similar to the 
composite diagram. The latter has one chief 
maximum on ¢ (maximum V) and a minor one 


Fic. 18 


Fic. 20 


Ficure 20.—Synoptic QUARTZ-AXES DIAGRAM 
Fairbairn, 1949, Figure 9-3. 
Figure 21.—Quartz FABRIC OF SILLIMANITE SCHIST 
From foot of a small rise west-northwest of Ranchandrapur. 


on a (maximum I). The selective diagram has 
a third maximum, one pair of the two possible 
pairs of maximum II. Maximum I is more 
prominent in the selective diagram. 

From a regional study of the granulites of 
Finnish Lapland, Sahama (1936) found that 


the quartz grains have typically heterogeneous 
fabric. The granulitic quartz crystals show 
strong perferred orientation, while postdeform- 


Fic. 19 


Ficure 18.—Briotire Fasric oF Biotite ScHISsT 
Ficure 19.—BioTiTE FABRic OF ULTRAMIGMATITE 


Aa 


Fic. 21 


ational crystallization in the higher grades of 
metamorphism has obliterated any preferred 
orientation in the fine-grained quartz. In the 
granulites of Rosswein, Saxony (Sander, 1930), 
the quartz fabric is homogeneous as in the 
present diagrams. 
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MINERAL ORIENTATION OF THE WALL Rocks of higher concentration (4-5.5 per cent) are 


The ac quartz-axes fabric of 300 axes of a Close to maxima III, V, and II, none exactly 
fine-grained leptynitic granite gneiss (Fig. 29), _ peripheral. 


Fic. 22 Fic. 23 
FicuRE 22.—QuaRtTz FABRIC OF SILLIMANITE SCHIST 
From east-edge of Ranchandrapur hill. 


Figure 23.—Quartz FABRIC OF SILLIMANITE SCHIST 
Figure 22 rotated on ac. 


Fic. 24 


FiGurE 24.—Quartz FABRIC OF QUARTZITE 
West-northwest of Ranchandrapur (Cf. Fig. 21). 
FiGuRE 25.—QuarTz FaBRIC OF QuARTZ-SILLIMANITE SCHIST 

From east edge of Ranchandrapur hill. 


three-fourths of a mile from the southern con- Figure 30, quartz-axes fabric on ac plane of 
tact of the porphyritic granite, exhibits poor 200 quartz axes of a sillimanite schist also 
orientation; the 1 per cent contour shows a_ shows poor orientation with a very broad a¢ 
complete peripheral ac girdle, with maximum _ girdle; but the zones of maximum concentration 
concentration of 5.5 per cent. Four small zones give an almost complete ab girdle. There is 4 


| 
a Fic. 25 


MINERAL ORIENTATION OF WALL ROCKS 663 


ent) are | _ slight spread indicating a tendency for a bc pattern with two, almost three, cross girdles is 
girdle. It is not clear whether the orientation of similar to diagram k of Fairbairn (1949, Fig. 


hes the specimen, occurring farther from the por- 2-1). 


Fic. 27 


FicureE 26.—Quartz Fasric OF ULTRAMIGMATITE 
Ficure 27.—Quartz Fasric oF LEPTYNITIC GRANITE GNEISS 
Two miles from southern wall of granite. 


Fic. 28 Fic. 29 
FicurRE 28.—SELECTIVE QuaRTz FaBric OF GRANULITIC QUARTZ 
From same slice as in Figure 27. 

Ficure 29.—Quartz FaBric OF LEPTYNITIC GRANITE GNEISS 
Three-fourths of a mile south of granite contact. 


lane of phyritic granite than the preceding specimen A quartz-axes diagram was prepared of a 
st also (Fig. 29), was directly affected by the intrusion granite gneiss occurring about 100 yards from 
cad oF and whether the ab girdle is to be ascribed to the porphyritic granite contact. On the ac 
tration this. Such ab girdles have been reported from fabric of the granite gneiss (Fig. 31) modal 
re is a Finnish quartzites by Hietanen (1938). The directions of intersecting shear joints of system 
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2 and of joints of system 1 have been plotted. 
The planes of system 1 are nearly parallel to 
ac (010), and the conjugate planes of system 2 
are intermediate between ab and be (h0l). This 
diagram of 150 quartz axes shows a good pre- 
ferred orientation, with a thick girdle about 
half complete. The quartz axes are concen- 
trated around a comparatively small zone. The 
incomplete girdle, diagonal with respect to the 
megascopic fabric axes, is around an axis 
coincident with the direction of acute bisectrix 
of the conjugate planes. When the modal strike 
of conjugate planes of the shear joints of system 
3 are plotted on the ac fabric, the obtuse bi- 
sectrix of these planes nearly coincides with } 
of the megascopic fabric and lies on a plane 
intermediate between ab and bc. This plane 
contains the acute bisectrix of the first inter- 
secting system. The fabric shows monoclinic 
symmetry with reference to the bisectrices of 
the conjugate planes of system 2. The obtuse 
bisectrix is centered about the scattering of the 
quartz axes and contains the maximum (Sen, 
1949a; 1949b). 


MINERAL ORIENTATION OF THE PoRPHYRITIC 
GRANITE 


Quartz-axes diagrams of the porphyritic gran- 
ite were prepared from four widely spaced 
specimens along the length of the exposure, 
one from the west end between Baishkuli and 
Mapuidih, one from near the southernmost rise 
of the peaks south-southwest of Raghunathpur, 
one from Khajura, and the fourth from Bero 
(Pl. 1). Figure 32 is the bc quartz-axes fabric of 
the specimen from south of Mapuidih. Flow 
layers at this locality dip 32° N. 18° W.; there 
are two systems of perfectly developed joints, 
one with modal strike N. 45° E. and dip about 
65° SE., and the other with modal strike N. 
70° W. dipping about 63° S.-SW. Acute bi- 
sectrix of these planes (acute angle 43°) is 
nearly coincident with the strike of the flow 
layers. Fabric shows a moderately high degree 
of preferred orientation with a maximum con- 
centration of 14 per cent per 1 per cent area, 
and an incomplete girdle which is diagonal if 
the strike direction is chosen as the 6 axis. A 
few yards away well-formed feldspar lineation 
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makes an angle of 18° with the horizontal 
(strike) in the plane of foliation (pitch of linea- 
tion). This lineation interposed on Figure 32 
becomes the axis of the incomplete girdle. 
There is also a tendency for another girdle in 
the spread of the axes diagonally between ab 
and bc. The maximum is close to maximum 
II of the synoptic diagram. 

On a rise south-southwest of Raghunathpur 
the flow layers strike N. 89° W. and dip 46° N, 
There is also a system of well-developed verti- 
cal joints striking N. 28° E. Near Bero linea- 
tion plunges 65° N., and the foliation dips 78° 
N. 21° W. 

The quartz-axes fabric of a specimen from 
a rise near Raghunathpur (Fig. 33) shows a 
thick peripheral ac girdle and a better-devel. 
oped small-circle girdle (35° from the center). 
Girdling axis for both is slightly off the strike 
of foliation. There is also an incomplete pe- 
ripheral bc girdle. Maximum concentration is 
7 per cent. There are small zones with concen- 
tration 3 per cent upward close to maxima V, 
II, and VI. The distribution of the axes is 
rather uniform throughout the girdle. 

A slice of the granite from Bero, inclined 
about 23° from the ac plane and easily referred 
on the ab plane to the well-formed a lineation, 
shows good orientation and a peripheral a¢ 
girdle, with a maximum axes concentration of 
13 per cent per 1 per cent area (Fig. 34). Two 
zones could be described as maxima, both are 
peripheral and intermediate between maxima 
II and I, close to a. The fabric is symmetrical 
about ad. Zones of maximum concentrations 
show an incomplete small-circle girdle parallel 
to ab (18°-20° from ab) and symmetrically dis- 
posed about ab. The axis of major girdling is 
at right angles to lineation; the small-circle 
girdle is about c. 

The quartz-axes diagram (Fig. 35) of the 
granite from Khajura (Pl. 1) does not show 
preferred orientation and is almost isotropic, 
though there is a good cluster on c. 

The quartz fabric of the porphyritic granite 
differs from those of the country rocks not only 
in their patterns and the presence in some of 
small-circle ab girdles but also in the geo- 
graphic coordinates of the symmetry planes of 
fabric and of girdling axes. 
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Fic. 30 


Fic. 31 


Ficure 30.—Quartz FABric OF SILLIMANITE SCHIST 
Figure 31.—Quartz Fasric OF MYLONITIZED GRANITE GNEISS 
South of Jhanpra, 100 yards from the granite contact. 


Fic. 32 


Fic. 33 


Figure 32.—Quartz Fasric OF PorpHyrRiTiC GRANITE From SoutH oF MAPUIDIH 
FicurE 33.—Quartz FasBric OF PorpHyritic GRANITE From SOUTHWEST OF RAGHUNATHPUR 


ORIGIN OF STRUCTURAL FEATURES 


Foliation, Lineation, and Joints 
in the Granite 


All evidences adduced (cf. Sen, 1948), es- 
pecially the independence in spatial distribu- 
tion from the regional diastrophic structures, 
point to a primary origin for the internal struc- 
tures of the porphyritic granite. Foliation of 
the porphyritic granite shows evidence of a 


fluxion structure, originating before complete 
solidification. The pattern of the flow layers 
does not conform to that of a dome or an arch 
(Balk, 1937). The eastern end of the granite 
lens and a small area surrounding the rises of 
Raghunathpur have moved up differentially 
relative to the main body. Movement in the 
fluxion stage resulted in development of well- 
formed lineation parallel to the direction of 
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movement, an unequivocal example of flow 
lines. 

The } lineation, as every primary lineation 
in magmatic rocks, is by implication also a 
“flow line” as it is thought always to be parallel 


Fic. 34 
Ficure 34.—Quartz Fasric OF PorpHyritic GRANITE From BERO 
Ficure 35.—Quartz Fasric oF Porpuyritic GRANITE From KHAJURA 


to the direction of local flow—‘‘of maximum 
motion at the individual locality” (E. Cloos, 
1946, p. 25). It is suggested that here the b 
lineation, which occurs as the regional linea- 
tion in the porphyritic granite, formed at right 
angles to the direction of flow with no implica- 
tion of local flow and hence no subsidiary 
stretching in the direction of lineation. Such 
lineation could develop in response to laminar 
flow, within certain velocity limits, by inter- 
planar slips, where rotational motion at right 
angles to flow direction would orient elongated 
forms parallel to the axis of rotation. Thus 
they would offer the least resistance to flow 
(Jeffery, 1922; Taylor, 1923). In the porphy- 
ritic granite, subsidiary elongation parallel to 
length of the pluton occurred only in the late 
solid stage, toward the closing stages of em- 
placement. Structures of the intervening plastic 
stage also indicate plastic drag upward and not 
sideways. 

Joints of systems 2 and 3 postdate those of 
the first. The first system contains a group of 
bc tension planes and some diagonal joints 
formed during the last phase of upward move- 
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ment of the granite. Joints of system 2 near 
the boundary indicate elongation at right angles 
to the contact (effecting similar joints in the 
wall rocks), which may have been caused by 
volume increase by continued emplacement 


Fic. 35 


movements. Normally, tension would be more 
effective along the walls. Joints prove continu- 
ation of emplacement beyond solidification, 
and a few structures are referred to the plastic 
stage when viscosity reached its maximum. 


Mineral Fabric of the Granite 


Three quartz-axes fabrics of the porphyritic 
granite show (1) prominent peripheral ac girdle, 
b axis nearly horizontal, parallel to lineation in 
some examples and at right angles to the linea- 
tion in others, (2) small-circle girdle around 
the same b axis, (3) partial small-circle girdle 
on ¢, and (4) tendency for partial peripheral 
girdle around a. The fabric shows a predomi- 
nant rotation around 6 and subsidiary rotation 
around ¢ and a, a complicated picture of move- 
ment associated with the two dome structures. 
Since the granite shows structural independence 
from associated metamorphic rocks, the mineral 
orientation is to be ascribed to viscous flow. 
Such complicated rotations, as shown by the 
quartz axes, could be more easily conceived in 
viscous flow than in solid flow. Though both 
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ab and bc girdles are known from metamorphic 
rocks, bc girdles seem to be common in thrust 
zones (Balk, 1952). Occurrence of more than 
one girdle in tectonites would normally indi- 
cate more than one period of deformation. 


Megascopic Fabric of the Wall Rocks 


In the wall rocks (1) joints of system 1 
decrease in proportion to joints of system 2 
with increased distance from the contact; (2) 
joints of systems 2 and 3 may proxy for each 
other, generally one or the other occurring 
with system 1, but the third system may occur 
exclusive of all others; (3) the obtuse angle of 
intersection of the joints of system 2 faces the 
wall, their line of intersection being horizontal; 
and (4) in system 3, either the obtuse or the 
acute angle of intersection faces the wall, the 
line of intersection lying in a more or less ver- 
tical plane (Fig. 17). 

The second system consists of oblique shear 
joints formed by expansion of the porphyritic 
granite pluton. These diagonal planes lie inter- 
mediate between ab and bc. In such squeezing 
the direction of maximum relief would lie in a 
vertical plane (roughly at right angles to the 
wall), while 6 would lie in a horizontal plane, 
at right angles to the direction of compression— 
i.e., roughly parallel to the wall. The line of 
intersection of these planes, parallel to their 
strikes, is the 6 direction. In terms of these 
axes of movement the first joint system would 
represent ac planes. Its presence indicates 
elongation parallel to 6. Extensive develop- 
ment of these planes near the wall shows that 
there was considerable elongation parallel to 
the walls. In concluding stages of emplacement 
expansion of the intrusive, with incidental ten- 
sion along the wall, caused compression radially 
in all directions (Sen 1949a). Tension was 
most effective near the wall. Compression was 
so effective that 114 miles from the wall the 
oblique shear joints outnumber the tension 
joints (Fig. 15). 

During the final phase of emplacement and 
solidification, closely spaced ac joints devel- 
oped at right angles to the walls and caused 
greater elongation parallel to the contact. 
Presumably, the joints of system 3 formed at 
this stage, with their line of intersection more 
or less vertical. Squeezing continued with inci- 


dental maximum elongation parallel to the 
walls. Thus the third system of joints com- 
prises conjugate shear planes, with a change 
in spatial position of the direction of maximum 
elongation and of the planes of maximum de- 
formation. 

Without going into detailed discussion of the 
deformation hypotheses (Becker, 1893; Bucher, 
1920; 1921; Leith, 1937; Griggs, 1935; 1936), 
it may be noted that the two types of angular 
relations found in joints of the area studied 
may have two explanations; where the acute 
angles of the conjugate planes face the wall 
deformation may have taken place by fractur- 
ing without prerupture flow, or there may have 
been considerable solid flow making the angles 
obtuse (Fairbairn, 1949; Griggs, 1936). 

Possible explanation of spatial position of 
joints of the second system, relative to inferred 
compression, is that the planes formed or their 
orientation was determined before commence- 
ment of rupture and antedate those of the first 
system. First system joints continued to form 
after completion of the second system, when 
the joints of the third system began to appear. 
Joints of system 2 in the country rocks formed 
during the last phase of upward emplacement 
of the granite when, helped by heat of the 
ascending granite and its hyperfusibles, defor- 
mation inthe walls took place by flow, which 
resulted in shear planes with their obtuse angle 
of intersection facing compression. A slightly 
younger tension caused formation of the ac 
joints. The flow deformation stopped abruptly, 
and typical mylonites were produced in the 
wall rocks. Expansion parallel to the wall now 
gained the upper hand, and the third system 
of shear planes was formed. 


Mineral Fabric of the Metasediments, 
Migmatities, and Granite Gneiss 


The features common to quartz fabrics of 
the four metamorphic rocks are a more or less 
well-defined peripheral ac girdle and in places 
an ac/\bc diagonal girdle. There are no promi- 
nent maxima, and the axes are about equally 
dispersed throughout the girdles. Positions of 
small zones which could be described as maxima 
lie close to maxima I, II, and V of the synoptic 
diagram (Fig. 20). The } axis, always nearly 
parallel to regional strike of foliation and 
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parallel to the regional fold axes, is the tec- 
tonic axis of Sander. 

No definite evidence supports any of the 
proposed explanations for an ac girdle. Micro- 
folding as well as grain rotation around b might 
have been responsible for the girdles. Lack of 
strong maxima may be regarded as evidence 
for rotation, though it is in no way unequivocal. 
Since the metamorphic rocks belong to high- 
grade granulite and amphibolite facies (Sen, 
1951; 1953) and occur in association with typi- 
cal granulites having similar quartz-axes fabric, 
the ac girdle and poorly developed maxima I, 
II, and V may also be ascribed to flattening 
accomplished by translation on (h0l) slip planes 
(Sander, 1930; see Knopf and Ingerson, 1938; 
Fairbairn, 1949; Turner, 1948). 

The a lineation resulted from maximum tec- 
tonic transport in that direction; in specimens 
showing this lineation an ac girdle is developed. 
The microfolds indicate some external rotation 
around 6. Also a subsidiary transport parallel 
to b is shown by the abundance of ac joints. 
Thus the ac girdle may have resulted from 
(1) transport along a with incidental grain 
rotation around b, accentuated at times by 
microfolds developed parallel to b, or (2) slip 
on (h0l) planes, intersecting on 6. If the last 
mechanism were responsible, there should have 
been more pronounced maxima developed, and 
more than one s planes visible. Orientation 
might also have been caused by fracturing of 
quartz grains during commencement of defor- 
mation, the seed crystals being oriented by the 
suggested mechanism during sustained defor- 
mation. All evidence of such rupturing would 
be completely healed by paratectonic recrystal- 
lization. Needle axes of such seed crystals would 
then parallel horizontal edges (m:r, m:z, r:c, 
z:c, and m:c), so that the c crystallographic 
axis would be at right angles to the needle 
axes, and their bounding planes parallel to m 
(1010), r (1011, z 0111), or c (0001). At the 
first stage of deformation the needle axes would 
be rotated parallel to b and, in the rotation 
toward b, would lie in intermediate positions 
giving “axes maxima (having) orientation dif- 
ferent from those known to occur” (Fairbairn, 
1949, p. 122). Sustained deformation would 
rotate all the needle axes parallel to 6. Further 
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deformation, with forward movement parallel 
to a by rolling the needle axes about 4, will give 
an ac girdle with maxima I, II, and V. 

In progressive metamorphism such rotation 
of grains is difficult to visualize in view of 
evident paratectonic recrystallization. Under 
conditions of high-grade metamorphism, defor- 
mation must have been accomplished by 
postelastic flowage. A rotation similar to that 
pictured above may be effected indirectly by 
translation gliding along preferred planes in 
preferred directions on variously oriented 
quartz seed crystals (Fairbairn, 1949). The 
probable explanation is that initiation of the 
orientation was by forward rolling toward a 
by rotation on 6, accentuated by microfolding 
parallel to b. This resulted in continuing orien- 
tation by translation toward a controlled by a 
single set of s planes, the megascopic ab plane. 

Fabrics of migmatites, ultramigmatites, and 
granite gneiss, including two generations of 
quartz in the granulites, are similar to the 
fabric of the metasediments. The granulitic 
quartz appears to be the product of late re- 
crystallization by metasomatism in the meta- 
morphite-granite gneiss transition. This quartz 
wholly or partially encloses and replaces other 
minerals of the assemblage. Orientation of the 
granulitic quartz is posttectonitic and can only 
be ascribed to mimetic retention of original 
tectonitic orientation during replacement by 
metasomatism. 


Mineral Fabric of the Wall Rocks 


In specimens successively closer to the gran- 
ite wall a gradual change is noticed in the 
quartz fabric. Original girdles break down and 
finally disappear. The first stage is marked by 
a complete shattering of the girdle (Fig. 29), 
although a major proportion of the axes retain 
original orientation, a peripheral ac girdle. 
Finally near the contact an almost S-tectonite 
fabric is obtained, symmetrical about the vec- 
tor systems generated by the intrusion. 

Relation of quartz fabric to shear joints on 
the walls is apparent, and the fabric is sym- 
metrical about the inferred directions of stress 
incidental to intrusion of porphyritic granite. 
In the quartz fabric of the granite-gneiss speci- 
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men in contact with the granite (Fig. 31), the 
maximum lies on this direction of compression 
and shows an incomplete girdle on the same 
plane around an axis coincident with the acute 
bisectrix of the shear joints and close to c of 
megascopic fabric (Fig. 36). Compression would 


(0) (¢) 
FicurE 36.—RELATION OF INCOMPLETE GIRDLE IN 
Figure 31 TO CONJECTURED VECTOR FIELD 


Caused by intrusion and the axes of tectonic 
transport. 


induce maximum tectonic transport in the di- 
rection indicated by interplanar slips and 
small-scale thrusts. The resultant transport, 
controlled by the ab planes which lie at right 
angles to the direction of compression, would 
be up the dip of foliation and near megascopic 
a. The girdle would thus be an a’d’ girdle rela- 
tive to axes of tectonic transport (b’ = 6) in 
response to the inferred stress, appearing as 
the ab Abc diagonal girdle relative to the axes 
of megascopic fabric. In view of extensive oc- 
currence of cataclastic structures along the 
wall, the fabric may well be explained by the 
rupture hypothesis (Griggs and Bell, 1938). 
Thus, catastrophic impact of intrusion may 
have ground the quartz crystals into elongate 
needles with needle axes parallel to r:z (or 
2:2; and r:r?) and bounded by m (or a?) needle 
surfaces, as suggested by the maximum (Fair- 
bairn, 1949). But the needles were probably 
multifaced and had well-developed unit rhom- 
bohedrons, 7 or 2, the possible directions of 
best cleavage in quartz (Fairbairn, 1939b; 
1949). Deformation rotated the fractured crys- 
tals so that they came to lie on the megascopic 
ab plane with the needle axes gathered toward 
@ (of megascopic fabric), the resultant direc- 
tion of maximum transport. 


SUMMARY AND CONCLUSION 


Structurally the granite gneiss belongs to 
the same unit as the metasediments and asso- 
ciated rocks. It shows imperceptible gradation 
from all types of metasedimentary rocks, which 
often renders exact delimitation of a boundary 
difficult. Petrographic evidence (Sen, 1951), 
some of which is not published, points to meta- 
somatic origin of the rock. The best evidence 
in favor of such an origin is the structural 
identity of the two groups of rocks. In several 
places the metasediments can be traced later- 
ally along strike into the granite gneiss, where 
the lithologic boundary cuts the common 
structure trends (Pl. 1). The granite gneiss 
retains every detail of the broader structural 
alignments as well as internal space-lattice 
orientation of quartz, characteristic of the 
metasediments. The granitization, evidently 
posttectonic, was effected in situ. 

In the porphyritic granite, though petro- 
graphic characters would indicate origin by 
transformation (Sen, 1951), both megascopic 
and microscopic fabric are independent of 
regional structures. Forceful emplacement of 
the granite is proved by (1) structural dis- 
cordance, (2) wall-rock joints correlative in 
distribution in respect to distance from the 
contact, and (3) mylonites and interplanar 
slips and thrusts in wall rocks. The porphyritic 
granite was not intruded as a completely liquid 
body. Presence of solid phases of large propor- 
tion is well established. In view of petrographic 
evidences suggesting metasomatic derivation, a 
partly synkinematic granitization with suffi- 
cient interstitial liquid to give required mobility 
to the granite would explain all the features. 
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UNUSUAL “POTHOLE” 


By Cartes G. Hiccrns 


C. K. Wentworth (1924) described a bowl- 
shaped “pothole” enlarged by rotation-in-place 
of a single cobble in the Potomac River. Nearly 
30 years later, the following similar but more 
spectacular case was discovered 0.8 mile up- 
stream from the mouth of Stockhoff Creek on 
the California coast, 4 miles northwest of Fort 
Ross, and 70 miles north-northwest of San 
Francisco. 

In March 1953 Harvey Moss and Newell 
Winsted, 15-year-old students at Stillwater 
Cove Boys’ School, found a discuslike sandstone 
cobble, 6 inches in diameter and 214 inches 
thick (Pl. 1, figs. 1, 2), lying broken side up in a 
bowl-shaped depression, 1 foot in diameter 
and 414 inches deep (Fig. 1; Pl. 1, fig. 5), cut 
neatly into the nearly level floor of a shallow 
“cave” at the edge of Stockhoff Creek (PI. 1, 
fig. 4). This “cave” is formed by huge sandstone 
boulders which locally obstruct the valley and 
cause a series of waterfalls. 

Two weeks later, at the suggestion of John 
Allan, an instructor at the school, the boys 
replaced the discus with a subrounded sand- 
stone cobble of approximately the same size 
(Pl. 1, fig. 3). 

Shortly after this, during a flood following a 
hard rainstorm in early April, Mr. Allan and 
Paul Rudy, Jr., son of the school’s director, 
climbed to the site and found water spilling 
down a shallow chute (PI. 1, fig. 6) and free- 
falling 234 feet onto the upstream edge of the 
new cobble in the bowl. The cobble was not 
turning, but they believed the creek had fallen 
from its highest flood stage and that, with 
higher water and greater velocity, the waterfall 
would have struck the cobble on the edge 
toward the back of the “cave,” turning it 
anticlockwise and escaping over the lowest 
part of the bowl’s rim, toward the back of the 
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“cave.” A few days later, when the creek was 
even lower, a group of boys climbed to the site 
and found the waterfall still pouring into the 
bowl, though the cobble was not turning. 

However, the new cobble must have been 
rotated at some time during this flood, for, 
when the writer saw it in mid-May, 1953, one 
side was well started toward the smooth discus 
shape of the original cobble and the other side 
had been slightly modified as well. It turned 
easily in the bowl and, although of softer 
sandstone than the original, had already modi- 
fied the bowl so that the original did not quite 
fit, nor turn so smoothly as it did when first 
found. 

There can be little doubt that this abrasion 
was produced by rotation of the new cobble 
in the bowl. Probably this was caused by 
impact of the waterfall during flood stage. It 
therefore seems safe to conclude that the 
original discus-shaped cobble and the bowl 
itself were formed in the same manner. 

Both abraded sides of the original sandstone 
discus have the curvature of a sphere of 4-inch 
radius. Except for small pits and cavities, the 
surfaces are remarkably smooth, bevelling 
hard chert pebbles, the largest of which is 
10 mm long. 

As shown by the dashed line in Figure 1, 
concave curvature of the bowl’s bottom matches 
that of the discus, but the bowl flares some- 
what on the sides, probably because of nuta- 
tional wobbling of the cobble during rapid 
rotation at times just before being flipped over 
in the bowl. On the downstream side, concave 
curvature breaks sharply into convex curva- 
ture that may be the remnant surface of an 
initial depression in which the cobble began to 
rotate. 

The occurrence is similar to Wentworth’s 
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(1924) in that a rotating cobble deepened 
and modified a pre-existing bedrock depression. 
The Stockhoff Creek sandstone cobble is 
remarkably symmetrical because its rotation 
under the waterfall appears to have been, at 
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abraded bowls may easily be mistaken for 
man-made artifacts. 

Previous writers have long debated the role 
of coarse material in pothole erosion. Brégger 
and Reusch (1874) reported boulder-size 
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Ficure 1.—Cross SEcTION oF ““POTHOLE” WITH ORIGINAL GRINDER 
Dashed line has same curvature as grinder 


most times, around a single axis, rather than 
around various axes as was the case with Went- 
worth’s amphibolite cobble, which rotated 
in a high-water eddy. The differences between 
the two similar occurrences suggest that rota- 
tion-in-place of cobbles and boulders may occur 
under a fairly wide variety of circumstances 
and may even be a fairly common, though 
unnoticed, mechanism of abrasion in high- 
velocity streams. 

One characteristic of both Wentworth’s 
and the present cobble is the preservation of 
older broken or faceted surfaces despite an 
extreme degree of recent rounding and smooth- 
ing (PI. 1, fig. 2). Another characteristic is the 
absence of differential erosion on the recent 
surfaces. These distinctive features should 
serve to identify the origin of any cobble that 
has been shaped by rotation-in-place, even 
after it has been dislodged from its “pothole.” 
The only danger is that such cobbles and their 


“grinders” from the “giant’s kettles” at 
Christiana, and it has been a recurrent popular 
notion that some potholes, especially those sup- 
posed to be of glacial moulin origin, are bored 
by single rotating boulders. (For a recent 
example, see Streiff-Becker, 1951, Fig. 3.) 
Alexander’s (1932) hydraulic experiments led 
him to question the efficacy of coarse material 
in deep pothole grinding, but Angeby (1952) 
reported grinders up to 0.5 m diameter from 
a recent deep pothole in Sweden. 

To avoid lengthy discussion, we may conclude 
simply that, regardless of the part played by 
coarse material in abrasion of deep potholes 
and kettles, shallow potholelike depressions 
can be formed by single large rotating cobbles 
in somewhat the manner suggested by some 
previous writers. Such depressions may even 
be fairly common, although perhaps not so 
perfect and obvious as those reported by Went- 
worth and the present writer. However, because 


Piate 1.—“POTHOLE”, GRINDERS, AND SURROUNDINGS 


FicureE 1.—Original grinder 


FicurE 2.—Original grinder, showing older broken surface 


Ficure 3.—Replacement grinder in “pothole” 
Ficure 4.—“Cave” in which “pothole” formed 
Ficure 5.—Pothole” without grinder 

Ficure 6.—Close-up of “‘cave” 
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of expendibility of the grinders and the fact 
that they can work only where the stream 
current is nearly or completely toolless, these 
depressions must always be shallow, with 
widely flaring sides—quite unlike the familiar 
deep, steep-sided, eddy-hole potholes and 
giant’s kettles. 
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MARINE TERRACE AT 


SANTA CRUZ, CALIFORNIA 


By Writram C. BRADLEY 


Introduction 


The central California coast in the vicinity 
of Santa Cruz (Fig. 1) is indented by five 
prominent and several indistinct marine ter- 
races. These terraces have been described by 
Lawson (1893), Wilson (1907), Branner et al. 
(1909), Rode (1930), Page and Holmes (1945), 
Alexander (1953), and others. The lowest 
prominent terrace contains an old wave-cut 
platform whose shoreline angle (the junction be- 
tween the platform and the sea cliff) is now ap- 
proximately 100 feet above sea level. Although 
subsequent warping has destroyed the original 
horizontality of the shoreline angle (Wilson, 
1907, p. 14; Rode, 1930, p. 33; Alexander, 1953, 
p. 12-16), for convenience this terrace is here 
referred to as the 100-foot marine terrace; it 
is the same as Lawson’s (1893, p. 140) 96-foot 
terrace, Wilson’s (1907, p. 16) 112-foot terrace, 
Branner et al.’s (1909, p. 6) 100-foot terrace, 
Rode’s (1930, p. 33) and Alexander’s (1953, p. 
12) first terrace, and Page and Holmes’ (1945) 
90-foot terrace. Mollusk shells associated with 
this 100-foot marine terrace were used for the 
carbon-14 dating. 
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The 100-foot Marine Terrace 


Figure 2 is a generalized cross section of the 
100-foot marine terrace at Santa Cruz. The 
wave-cut platform, eroded into the Miocene 
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Monterey formation, slopes seaward at an 
angle of 1° or less and is slightly concave up- 
ward; the concavity is most pronounced within 
half a mile of the former sea cliff. A sheet of 
marine deposits, generally 5 to 15 feet thick, 
overlies the platform and is overlain in turn by 
a wedge of nonmarine detritus near the old sea 
cliff. The marine deposits have been interpreted 
as beach deposits which were prograded sea- 
ward across the platform during a period of slow 
emergence (Bradley, 1955). 

When the wave-cut platform was under 
water, rock-boring mollusks pitted its surface 
in the same fashion that mollusks pit the 
modern platform. Their holes are well exposed 
at the top of the present sea cliff, where the 
platform is only about 25 feet above sea level 
and waves have stripped the unconsolidated 
terrace deposits back from the edge (PI. 1, 
fig. 2). Along West Cliff Drive in Santa Cruz, 
approximately 114 miles from the old sea cliff, 
mollusk shells still occupy some of the holes; a 
number of these shells were collected from the 
edge of the sea cliff (Fig. 2) near the intersection 
of West Cliff Drive and Columbia Street and 
were determined by carbon-14 analysis at the 
Lamont Geological Observatory to be older 
than 39,000 years (Broecker and Kulp, 1956). 


Discussion 


Because the mollusks pitted the wave-cut 
platform, they cannot be older than the date 
at which erosion of the platform ceased. If it is 
assumed that platform erosion was halted by 
emergence, then the mollusks can be no older 
than the time when emergence began. Emer- 
gence is believed to have taken place relatively 
slowly (Bradley, 1955), and inasmuch as the 
mollusks that were dated lived 114 miles from 
the sea cliff, where they remained under water 
for a longer period of time than those nearer 
the cliff, it is conceivable that these mollusks 
are somewhat younger than the beginning of 
emergence. It is therefore concluded, on the 
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basis of the carbon-14 analysis, that the emer- 
gence which ultimately led to the formation of 
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p. 482) have reported slightly elevated shore 
lines in Australia which are also more than 
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FicurE 1.—LocaTion Map oF SANTA Cruz, CALIFORNIA 


the 100-foot marine terrace began at some time 
prior to 39,000 years ago. 

Other recent work suggests that this date is 
reasonable. Kulp et al. (1952, p. 411) reported 
that the lowest marine terrace on the Palos 
Verdes Hills in southern California is more 
than 30,000 years old. Rubin and Suess (1955, 


30,000 years old. Recent studies in southern 
California have led W. S. Broecker (Personal 
communication) to the tentative conclusion 
that there have been no stands of the sea higher 
than the present in at least the last 30,000 
years, and possibly not since the third inter- 
glacial interval. The dating of the 100-foot 


PiaTe 1.—ROCK-BORING MOLLUSK HOLES IN THE WAVE-CUT PLATFORM OF 
THE 100-FOOT MARINE TERRACE AT SANTA CRUZ, CALIFORNIA 


FicurE 1.—Close-up of the holes 


Ficure 2.—The platform and mollusk holes (lower part of the picture) exposed by stripping 
back of the terrace deposits; deposits are 15 feet thick 
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MOLLUSKS 


Ficure 2.—GENERALIZED Cross SECTION OF THE 100-FooT MARINE TERRACE AT SANTA CRUZ, CALIFORNIA 


marine terrace at Santa Cruz supports this 
conclusion. If the conclusion is correct, sea level 
has been lower than at present for a relatively 
long period of time, and shore lines produced 
during this interval of lower sea level should 
now lie submerged on the continental shelf. 
Such submerged features are known; for ex- 
ample, Fairbridge (1952, p. 348) reported that 
submerged marine terraces are common 
features on continental shelves, Stearns (1945) 
and Emery et al. (1954) have recorded sub- 
merged terraces bordering some of the Pacific 
islands, and Upson (1949, p. 107-108) and 
Emery (Personal communication) have re- 
ported terraces on the southern California shelf. 
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TYPES OF BATHYURISCUS HOWELLI VAR. LODENSIS CLARK 


By ALEXANDER STOYANOW 


The status of Bathyuriscus howelli var. 
lodensis Clark from the Middle Cambrian of 
southern California, as presented in the litera- 
ture, has been discussed recently by Stoyanow 
and Susuki (1955, p. 467) as follows: 


“A trilobite of the Amnoria-Glossopleura group 
but with eight thoracic segments, collected from 
the Middle Cambrian strata in Bristol Mountains, 
southern California, was described as Bathyuriscus 
howelli var. ledensis by Clark (1921, p. 6) but was 
not figured. Later Resser (1928, p. 10, Pl. 3, fig. 9) 
illustrated Clark’s type advancing it to the status 
of species, Dolichometopus? lodensis (Clark), and 
also mentioned eight thoracic segments. However, 
in a more recent paper Resser (1935, p. 29, 34) 
placed this species, as Glossopleura lodensis (Clark), 
with other species possessing only seven thoracic 
segments, as also did Mason (1935, p. 109, Pl. 15, 
fig. 11) while describing, as Amoria lodensis, a 
plesiotype of Clark’s species collected in Marble 
Mountains. Like Amnorta, Clark’s species has a 
macropleural fifth thoracic segment. The illustra- 
tions of Resser and Mason do not allow the figur- 
ing of the number of thoracic segments (eight as 
by Clark, or seven as by Resser and Mason) in 
either of the two types with any degree of assur- 
ance. Clark’s holotype was not available at the 
time of this writing, but Mason’s plesiotype, pre- 
served in the Los Angeles Museum, has been ex- 
amined by the writers through the kindness of 
Dr. G. P. Kanakoff. It has seven thoracic segments 
with the fifth segment macropleural as in Anoria.” 


Clark’s rock specimen, USNM 78400, il- 
lustrated by Resser (1928, Pl. 3, fig. 9), shows 
two trilobites without individual numbers—a 
smaller trilobite in the lower part of his illustra- 
tion, which he selected (Resser, 1928, p. 14; 
1935, p. 34) as holotype of Clark’s species, and 
which alone, in accordance with Resser’s 
designation, was regarded as the holotype by 
Stoyanow and Susuki (1955); and another, 
much larger trilobite in the upper part of the 
same illustration. This larger trilobite was at 
first identified by Resser (1928, p. 10, 14) as 
Dolichometopus productus (Hall and Whitfield) 
but later designated as Glossopleura mohavensis 
Resser (1935, p. 34). These two trilobites are 
two different species and possibly may belong 
in two different genera. 

Clark’s brief reference to his Bathyuriscus 
howelli var. lodensis reads: 
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“This species is probably new, but the cepha- 
lons of all the specimens were crushed so that the 
original characters could not be accurately deter- 
mined. It is referred to B. howelli as it has eight 
thoracic segments (italics mine) and seems to cor- 
respond to this species excepting in the fifth seg- 
ment, which is broader than any of the others and 
terminates in a long spine that curves well back 
toward the pygidium. It is therefore called B. 
howelli var. lodensis.” 


In this statement is a direct reference to the 
presence of eight thoracic segments, in com- 
plete agreement with Clark’s upper example as 
in Resser’s Figure 9 (Resser, 1928, Pl. 3). For 
some reason Resser omitted mention of the 
eighth segment, albeit it is plainly visible in 
his illustration (Pl. 1, fig. 1). As to the macro- 
pleural segments, the figure shows both the 
fifth and the sixth segments enlarged, and the 
sixth possibly even more so. 

Regarding the smaller trilobite, with ques- 
tionable number of thoracic segments, the 
lower illustration of Resser’s Figure 9, which he 
finally designated as the holotype of his Glosso- 
pleura lodensis (Clark), it should be noted that 
this type cannot be placed under Glossopleura 
Poulsen (1927, p. 268) since according to 
Poulsen’s generic definition the absence of the 
macropleural development in the fifth thoracic 
segment is one of the cardinal characteristics of 
Glossopleura by which it is distinguished from 
Anoria Walcott. This trilobite is congeneric, 
and to all evidence conspecific, with the topo- 
type-plesiotype, which has the fifth thoracic 
segment macropleural, described and illustrated 
by Mason (1935, p. 109, Pl. 15, fig. 11) as 
Anoria lodensis (Clark). The topotype has only 
seven thoracic segments as mentioned by 
Mason and as checked by Stoyanow and 
Susuki. Originally Mason (1935, p. 109, 118) 
placed it in Anoria Walcott, but following 
Resser’s publication of 1935 he moved it to 
Glossopleura, notwithstanding the macro- 
pleural fifth segment in the thorax (Mason, 
1935, p. 117). Both Clark’s and Mason’s 
examples have a long and narrow macropleural 
thoracic segment, clearly marked from the 
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rest, and similar facial sutures with strongly 
curved, nearly semicircular, palpebral lobes, 
the latter feature regarded by Mason as a 
distinction from Anoria tontoensis (Walcott, 
1916, p. 373, Pl. 51, figs. 1c, 1d; 1924, p. 54, 
Pl. 9, fig. 2; 1925, p. 68, Pl. 18, fig. 20). 

In Mason’s topotype the entire axial part of 
the thorax is destroyed, but Clark, Resser, and 
Mason did not mention an axial tuberculation 
in Clark’s type selected by Resser as holotype 
of Clark’s species, and indeed Resser’s illustra- 
tion of this smaller specimen shows an un- 
tuberculated thorax (PI. 1, fig. 1); the absence 
of this characteristic would further remove 
this species from Anoria Walcott and probably 
has served as a determining factor in Resser’s 
placing it, as well as Clark’s larger specimen, in 
Glossopleura. 

Dr. G. Arthur Cooper very kindly examined 
Clark’s specimen, USNM 78400. Although the 
cephalon of the smaller specimen is somewhat 
offset and crushed, a “lip” of what might have 
been the eighth (that is the first thoracic) seg- 
ment is in evidence. In the larger trilobite, with 
eight thoracic segments, it is difficult to decide 
which segment is the larger, the fifth, or the 
sixth. Actually the fifth seems a little larger 
(measured in the direction of long axis), but 
the segmental spine is decidedly smaller than 
that of the sixth segment. Doctor Cooper was 
unable to find an ornamentation on any part of 
either trilobite. He mentioned, however, as the 
illustration shows, that the axial crest in the 
larger trilobite has been stripped off (Cooper, 
Personal communication). 

Subsequently Doctor Cooper sent me a rub- 
ber cast of Clark’s specimen (PI. 1, fig. 2). I think 
the “lip” in the smaller trilobite is a thickening 
and a furrow which developed in the posterior 
margin of the posterolateral limbs. Similar 
swelling and groove have been illustrated by 
Walcott (1918, Pl. 14, fig. 1, right side; Pl. 16, 
fig. 3, right side) for Olenoides (‘“‘Neolenus’’) 
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(Pl. 1, fig. 3). Such a development is also ob- 
servable in the right side of Mason’s example, 
and I have seen it in several cranidia of the 
Anoria-Glossopleura material from the Grand 
Canyon. If this interpretation is correct, Resser 
was right in assuming seven thoracic segments 
in the example which he selected as holotype of 
Clark’s species. This, however, would disagree 
with the fundamental part of Clark’s diagnosis, 
It is interesting that Mason (1935, p. 110) re- 
futed the presence of the eighth segment in the 
smaller trilobite in believing that the thickened 
anterior edge of the pygidium of the holotype 
was mistaken for an eighth segment. This 
species differs from Glossopleura by the macro- 
pleural development and from Anoria by the 
lack of axial tuberculation. Whether it may be 
placed in Sonoraspis will depend on the veri- 
fication of the number of thoracic segments in 
better-preserved topotypes. 

The larger specimen illustrated by Resser is 
described here. 


Sonoras pis mohavensis (Resser) 
(PI. 1, fig. 1) 


Bathyuriscus howelli var. lodensis CLARK (part), 
a Univ. Calif., Dept. Geol. Sci. Bull., v. 
13, p. 6 

Dolichometopus productus (Hall and Whitfield) 
REssER, 1928, Smithsonian Misc. Coll., v. 81, 
no. 2, p. 10 and 14, Pl. 3, fig. 9 (upper part 
only) 

Glossopleura mohavensis RESSER, 1935, Smithsonian 
Misc. Coll., v. 93, no. 5, p. 34. (Specimen illus- 
trated in the upper part of Resser’s Figure 9 
of Plate 3, publication of 1928, assigned here 
as holotype of this species) 


This species, in agreement with other described 
species of Sonoraspis Stoyanow, differs from Anoria 
(Walcott) and Glossopleura Poulsen by the presence 
of eight segments in the thorax. It is distinguished 
from other species of the first genus by the macro- 
pleural development in the thorax—the fifth seg- 
ment as in Clark’s text, the sixth segment as in 
Resser’s illustration. Of importance is the fact that 


PiaTE 1.—INTERPRETATION OF THE NUMBER OF THORACIC SEGMENTS IN 
CLARK’S TYPES 
FicureE 1.—Reproduction of Resser’s photographic illustration taken from Clark’s original, USNM 78400 
Note eight thoracic segments in the upper specimen; GS—genal spine; MP—the fifth and the sixth 


macropleural segments. 


FicurE 2.—Rubber cast of Glossopleura lodensis (Clark) by Resser’s designation, USNM 78400, 
the lower specimen of Figure 1 
A—groove between two salients below the posterolateral furrow. 
FicurE 3.—Walcott’s illustration of Olenoides serratus (Rominger), USNM 58591 
PLF—posterolateral furrow; A—groove between two salients below. 
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SHORT NOTES 


according to the mentioned illustration the pleurae 
of the longer-sf ned macropleural segment overlap 
the two last po erior thoracic segments exactly as in 
Anoria. The left part of the cephalon is not pre- 
served in Clark’s type, but the Amoria-like course 
of the facial suture visible in its right part is as in 
S. torresi Stoyanow (1952, p. 53, Pl. 14, fig. 3) and in 
S. californica Stoyanow and Susuki (1955, p. 468, 
Pl. 1, figs. 1, 2). The axial part of the thorax does 
not seem to be satisfactorily preserved in the type, 
but, since Clark, Resser, and Mason do not mention 
the presence of axial tubercles, it may be presumed 
that, as in S. éorresi, the thoracic axis of this species 
is untuberculated, unlike the thoracic segments of 
S. gomezi Stoyanow (1952, p. 54, Pl. 14, figs. 5, 6) 
and S. californica which bear the axial tubercles. 

Type: Holotype, U S N M 78400, larger specimen 
only 

Occurrence: Middle Cambrian, Bristol Moun- 
tains, southern California 
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